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FOREWORD 


NASA experience has indicated a nei d for nnitorni criteria for the design ci’ space vehicles. 
Accordingly, criteria are being developed in the following areas of technology : 


Hnvironnient 
Structures 

Ciuidance and Control 
Chemical Propulsion 

Individual components of this work will be issued as separate monographs as soon as they 
are completed. This document, part of the series on Chemical Propulsion, is one such 
monograph, A list of all monographs issued prior to this one can be found on the final pages 
of this document. 

These monographs are to be regarded as guides to uesign and not as NASA requirements, 
except as may be specified in formal project specifications. It is expected, however, that 
these documents, revised as experience may indicate to be desirable, eventually will provide 
uniform design practices for NASA space vehicles. 


This monograph, “Liquid Rocket Disconnects. Couplings. Fittings, Fixed Joints, and Seals.” 
was prepared under the direction of Howard W. Douglass. Chief. Design Criteria Office. 
Lewis Research Center: project management was by M. Murray Bailey. The monograph was 
written by D. E. Stuck, Rocketdyne Division. Rockwell International and was edited by 
Russell B. Keller, Jr. of Lewis. Significant contributions to the text were made by Mel Burr, 
Rocketdyne Division, Rockwell international Corporation. To assure technical accuracy of 
this document, scientists and engineers throughout the technical community participated in 
interviews, consultations, and critical review of the text. In particular. Henry Hillbrath of 
The Boeing Company: R. M. Huls, Pratt & Whitney Aircraft Group. United Technologies 
Corporation: Charles Schroeder, McDonnell-Douglas Astronautics Company: Clifford 
Thompson, Aerojet Liquid Rocket Company: Louis Toth, Jet Propulsion Laboratory, 
California Institute of Technology: Philip Muller. Marshall Space Flight Center: and E, J. 
Fourney. Lewis Research Center reviewed the monograph in detail. 

Comments concerning the technical content of this monograph will be welcomed by the 
National Aeronautics and Space Administration. Lewis Research Center (Design Criteria 
Office), Cleveland, Ohio 44135. 


September 1976 






GUIDE TO THE USE OP THIS MONOGRAPH 


Tlie purpose of this monograph is to organize ami present, for effective use in design, the 
significant experience and knowledge accumulated in development and operational 
programs to date. It reviews and assesses current design practices, and from tnem establishes 
firm guidance for achieving greater consistency in design, increased reliability in the end 
product, and greater efficiency in the design effort. The monograph is organized into two 
major sections that are preceded by a brief introduction and complemented by a set of 
references. 

The State of the Art, section 2, reviews and discusses ihe total design problem, and 
identifies which design elements are involved in successful design. It describes succinctly the 
current technology pertaining to these elements. When detailed information is required, the 
best available references are cited. This section serves as a survey of the subject that provides 
background material and prepares a proper technological base for the Design Criteria and 
Recommended Practices. 

The Design Criteria, shown in italics in section 3, state clearly and briefly what rule, guide, 
limitation, or standard must be imposed on each essential design element to assure 
successful design. The Design Criteria can serve effectively as a checklist of rules for the 
project manager to use in guiding a design or in assessing its adequacy. 

The Recommended Practices, also in section 3, state how to satisfy each of the criteria. 
Whenever possible, the best procedure is described; when this cannot be done concisely, 
appropriate references are provided. The Recommended Practices, in conjunction with the 
Design Criteria, provide positive guidance to the practicing designer on how to achieve 
successful design. 

Both sections have been organized into decimally numbered subsections so that the subjects 
within similarly numbered subsections correspond from section to section. The format for 
the Contents displays this continuity of subject in such a way that a particular aspect of 
design can be followed through both sections as a discrete subject. 

The design criteria monograph is not intended to be a design handbook, a set of 
specifications, or a design manual. It is a summary and a systematic ordering of the large and 
loosely organized body of existing successful design techniques and practices, its value and 
its merit should be judged on how effectively it makes that material available to and useful 
to the designer. 


iii 


i-ivLCK ' 'KG PACK I- 



CONTENTS 

1 . INTRODUCTION 

2. STATE OF THE ART 

3. DESIGN CRITERIA and Recommended Praclices . . . . 
APPENDIX A - Conversion of U.S. Customary Units to SI Units 

APPENDIX B - Glossary 

REFERENCES 

NASA Space Vehicle Design Criteria Monographs issued to Date . 


I 

I 

k 


Page 

I 

3 

8 ‘) 

129 

131 

141 

149 


SUBJECT 

STATE OF THE ART 

DESIGN CRITERIA 

DISCONNECTS 

2.1 

4 

3.1 

89 

Configuration Design 
Manually Operated 

2.1. 1 

5 

3.1.1 

89 

Disconnects 

2.1.1. 1 

5 

3. 1.1.1 

89 

Breakaway Disconnects 
Forced-Separation 

2. 1.1. 2 

7 

3. 1.1. 2 

90 

Disconnects 

2.1.1.J 

1 1 

3. 1.1. 3 

91 

Design Integration 

2,L2 

1 1 

3.1.2 

91 

Valves 

2. 1.2.1 

II 

3. 1.2.1 

9( 

Interface Seals 

2. 1.2.2 

12 

JJ,2,2 

92 

Latch /Release Mechanism 

2. 1.2.3 

14 

3. 1.2.3 

93 

Mounting 

2. 1.2.4 

16 

3. 1.2.4 

93 

Spillage Control 

2. 1.2.5 

16 

3. 1.2.5 

94 

COUI’LINGS 

2 2 

18 

3.2 

94 

Configuration Design 

1 1 y 

18 

3.2.1 

95 

Flanged Couplings 

2.2. 1.1 

18 

3.2. 1.1 

95 

Threaded Couplings 

2.2. 1. 2 

20 

.12.1.2 

96 

Dynamic Swivel Couplings 

2 2.1.3 

23 

3.2. 1.3 

96 

Design Integration 

2 2 2 

23 

.1.2.2 

96 



1 


I 


I 


I 

f 


• 

SUBJECT 

STATE OF THE ART 

DESIGN CRITERIA 


Seal Contact Surface 

^ / 

23 


90 


Rigidity 


25 

f ?, r?. 2 

97 


Restraining Mechanism 

2,2,2 J 

26 

X2.2.3 

97 


Leakage Monitoring 

2,2,2,4 

28 

3.2.2.4 

98 


FITTINGS 

2.3 

29 

3.3 

98 


Conflguration Design 

2.3.1 

30 

3.3.1 

98 


Tube Fittings 

2.3. U 

30 

3.3. 1.1 

98 


Duct Fittings 

2.3. 1.2 

32 

3.3. 1.2 

100 


Vacuum-Jacketed Fittings 

2.3. 1.3 

33 

3.3. 1.3 

101 


Flow-Control Devices 

2.3. 1.4 

34 

3.3. 1.4 

101 


Turning Vanes 

2.3. 1.4.1 

34 




Flow Straighteners 

2.3.1.4.2 

34 

— 

•••— 


FIXED JOINTS 

2.4 

35 

3.4 

101 


Welded Joints 

2.4.1 

35 

3.4.1 

101 


Welding Methods 

2.4. 1.1 

37 

3.4.U 

101 

■■ y , 

Problem Areas 

2.4.1. 2 

39 

3.4.1.2 

102 

!; . 

Vibration 

— 

— 

3.4.1.2.1 

102 


Weld Oxidation 

— 

— 

3.4.1.2.2 

102 


Contamination in Crevices 

— 

.... 

3.4. 1.2.3 

102 


Tolerances 

— 


3.4.L2.4 

103 


Weld Preparation 
Wall Thickness and 

— — 

.... 

3.4. 1.2.5 

103 


Material Composition 

— 

.... 

3.4. 1.2.6 

103 


Weld Repair 

2,4J,3 

40 

3.4.1.3 

104 

,] 

Brazed Joints 

2,4,2 

40 

3.4.2 

104 


Brazing Methods 

— 

.... 

3.4.2. 1 

104 


Joint Preparation 

— 


3.4.2.2 

104 

^ 

Braze-Alloy Characteristics 

— 

•••• 

3.4.2.3 

105 


Dimensional Control 

mmrnm fCmmmm 

— 

3.4.2.4 

105 


Diffusion-Bonded Joints 

2.4.3 

41 

3.4.3 

105 

,: 

Soldered Joints 

2.4.4 

42 

3.4.4 

106 


Interference-Fit Joints 

2.4.5 

43 

3.4.5 

106 


SEALS 

2.5 

43 

3.5 

106 


Static-Seal Configuration 

2.5.1 

43 

3..‘i.l 

106 



o 




SUB'cC'l STATE OF THE ART DESIGN CRITERIA 


Gaskets 

2,5. 1. 1 

45 

3.5. 1. 1 

108 

Elastomeric 0*Rings 

2.5.1.U 

45 

3.5, l.U 

108 

Molded'In>Place Seals 

2.S.U.2 

51 

3.5. 1.1.2 

108 

Metallic Gaskets 

2.5. U. 3 

53 

3.5. U. 3 

110 

Prsssure*As$isted Seals 

2.5.1.2 

54 

3.5. 1.2 

no 

Plastic Spring-Loaded Seals 

2.5.I.3 

55 

3.5.1. 3 

110 

Radial or Toggle Seals 

2.5.1.4 

56 

3.5.1.4 

111 

Metallic Boss Seals 

2.5.1.5 

58 

3.5.1.5 

111 



Static-Seal Design Integration 

2.5.2 

59 

3.5.2 

112 


Loads 

2.5.2.1 

59 

3.5.11 

112 


Contact Surfaces 

2.5.2.2 

59 

3.5.2.2 

112 


Environment 

2.5.2.3 

60 

3.5.13 

112 

■ ►. . 

Seal Resilience 

2.5.2.4 

60 

'3.5.2.4 

112 

o. , 

Seal Protector 

2.5.2.5 

61 

3.5.15 

113 

0 ■’ 

Leakage Control 

2J.2.6 

62 

3.5.2.6 

113 

’,.y 

Dynamic-Seal Configuration 

2.5.3 

63 

3.5.3 

113 

: . ' . . 

0-Rings 

2.5.3.1 

68 

3.5. 3.1 

114 

•r«r » 

o 

Lip Seals 

2.5.3.2 

69 

3.5.3.2 

116 


Piston Rings 

2.5.3.3 

70 

3.5.3.3 

117 

. O L> 

Mechanical Seals 

2.5.3.4 

70 

3.5.3.4 

117 


Dynamic-Seal Design Integration 

2.5.4 

71 

3.5.4 

118 


Loads 

2.5.4.1 

72 

3.5.4. 1 

118 


Contact Surfaces 

2.5.4.2 

74 

3.5.4.2 

119 

; r •; . 

Seal Deflection and Resilience 

2.5.4.3 

74 

3.5.4.3 

119 


Wear 

15.4.4 

75 

3.5.4.4 

119 


Lubrication 

15.4.5 

75 

3.5.4.5 

120 


Contamination 

2.5.4.6 

76 

3.5.4.6 

120 

• -p ; 

GENERAL CONSIDERATIONS 
FOR DESIGN 

2.6 

76 

3.6 

120 


Material Selection 

2.6.1 

76 

3.6.1 

120 


Metals 

16.1.1 

76 

3.6.1. 1 

120 


Compatibility 

— 

— 

3.6.1. 1.1 

121 

■ ♦ 

Physical and Mechanical 
Properties 

— 


3.6.1.1.2 

121 

S’ 

WeldabUity 

— 

— 

3.6. 1.1. 3 

122 


Material Imperfections 

— 

.... 

3.6, 1.1. 4 

122 


vil 



1 




SUBJECT 

Elastomers 

Fluid Compatibility 
Pressure Capability 
Temperature Capability 
Seal Interface Materials 

Component Handling 
Surface Protection 
Cleanliness 

Evaluation Testing 
Disconnects 
Couplings and Seals 
Fittings 
Fixed Joints 


STATE OF THE ART 


DESIGN CRITERIA 


2 . 6 . 1.2 

rnmmmmmmmmrnmm 

2.6.I.3 

2.6 2 


2.6.3 

2.6.3. 1 

2.6.3.2 

2.6. 3. 3 

2.6.3.4 


83 

84 


84 

84 

85 
87 
87 


3.6. 1.2 
3.6.1. 2.! 

3.6. 1. 2.2 

3.6. 1.2.3 

3.6. 1.3 

3.6.2 

3.6.2. 1 
3.6.Z2 

3.6.3 

3.6.3. 1 

3. 6.3.2 

3. 6. 3. 3 

3.6.3.4 


122 

122 

123 

123 

124 

124 

124 

124 

125 
125 

125 

126 
126 


viii 


n 


0 


LIST OF FIGURES 


Figure 

Tide 

Page 

1 

Three stages of operation of a typical manually operated disconnect 


2 

Typical slip disconnect (engaged) 

. . . 

3 

Typical ball-aiid-cone disconnect (cnt,a^cJ) 

. . . 

... 9 

4 

Typical pressure-balanced slip disconnect (separated) 

... 10 

5 

Typical partially-pressure-balanced cone seal disconnect (separated) 

... 10 

6 

Breakaway disconnect with poppet valves actuated externally (engaged) 

... 13 

7 

Breakaway disconnect with poppet valves actuated internally (engaged) 

... 13 

8 

Disconnect with metal-to-metal seal on serrated flanges 

... 14 

9 

Flexible-cone and poppet debris valves (coupling separated, valves closed) 

. . . 15 

10 

Two-valve disconnect designed for minimum spillage 

. . . 17 

11 

Basic types of flanged couplings 

. . . 19 

12 

Basic types of threaded couplings 

. . . 20 

13 

Typical threaded boss coupling 


14 

Illustration of flange flatness and waviness and typical specifications 

. . . 24 

15 

Two kinds of flange deflection resulting from tack of rigidity 

. . . 26 

16 

Comparison of flanged-coupling designs used on SSME and Saturn engines 

. . . 27 

17 

Provisions for monitoring leakage at a coupling 

. . 29 

18 

Liglitweiglit leakage-monitoring provisions 

in 

19 

Types of welded joints used in fluid systems 

. . 

20 

Three types ofO-ring static seals 

. . 45 


iw riwvv 


Figure Title Page 

21 Gland chamfer techniques to prevent 0-ring damage 40 

22 0-ring extrusion related to diametral clearance, fluid pressure, and 0-ring hardness . , , 50 

23 Moldcd-in-placc seal configuration 51 

24 Thinning of branch and overlapping seals 53 

25 Spiral-wound gasket 54 

26 Radial or toggle seal 55 

27 Coupling design providing protective barrier for seal 61 

28 Use of seals and vents to separate incompatible fluids 62 

29 Configuration for hot-gas seal for thrust chamber 63 

30 Principal types of rotary and sliding seals 65 

3 1 Two-piece rod seal with pressure-balancing groove and spring load 71 

32 Elastomer exposure to system fluid for two types of seals 79 

33 Effect of temperature on hardness of various elastomers 81 

34 Elastomer retraction at various temperatures 82 

35 Seal life as a function of temperature (various elastomers) 83 

36 Typical devices for protecting flanges and seals 85 

37 Typical leakage-monitoring systems 86 

38 Selection diagram illustrating recommended valve configurations for disconnects . . , 92 

39 Recommended design for low-pressure-loss fitting for 

joining tubes of different sizes 99 

40 Recommended designs for tapoff fittings 99 

41 Recommended design for static-pressure tap 126 


X 



UST OF TABLES 


Tabic 

Tillc 

Page 


1 

Chief Design Fcalurcs of Commonly Used Siaiic Seals 

, . 4() 


II 

Basic Characteristics of Materials Used as Platings or Coatings on Static Seals 

. . 4H 


III 

Chief Characteristics of Principal "lypes of Rotating and Sliding Seals 

. . h7 


IV 

Useful Temperature Ranges for Commonly Used Elastomers 

. . 80 


V 

Recommended Installation Conditions for Elastomeric 0-Rings 

in Static-Seal Applications 

. . 109 


VI 

Elastomers and Lubricants Recommended for 0-Rings in Use 

with Typical Propellants and Service Fluids . 

. . 115 




LIQUID ROCKET DISCONNECTS, COUPLINGS, 
FITTINGS, FIXED JOINTS, AND SEALS 

1. INTRODUCTION 


Disconnects, couplings, fittings, fixed joints, and seals are used in liquid-propellant rocket 
propulsion systems to contain and control the flow of the lluids involved. This monograph 
treats the design ol these components for use in booster, upper-stage, and spacecraft 
propulsion systems, ground support equipment is excluded. Particular emphasis is placed on 
the design of components used on large-engine systems because of the high pressure and 
higlt vibration levels to which these components are exposed. 

Disconnects are tluid-system connectors that provide quick-action separation of fluid-system 
interfaces between flight vehicles and ground systems or between stages of the flight vehicle. 
Couplings provide mechanical connection of elements of a fluid system and are capable of 
mechanical disassembly but not the quick -action separation characteristic of disconnects. 
Fittings are elements of a duct or duct assembly that change flow area or direction and 
provide control of internal flow geometry; they may also provide instrumentation access to 
the fluid, and attachment joints for auxiliary equipment. Fixed join ts connect elements of a 
system when disassembly, removal, or replacement is not required; these joints are not 
capable ot simple mechanical disassembly as are disconnects and couplings and are 
fabricated by methods such as welding or brazing. Seals within a disconnect or coupling are 
elements that conform to the retaining connector and thereby limit or control fluid leakage; 
seals are also utilized within components to limit or control leakage while permitting relative 
movement between two elements. Dynamic seals that permit both turning and sliding are 
covered herein ; seals for high-speed rotating shafts are treated in reference 1 . 

The successful design of the components defined above presents a formidable array of 
technical problems to the designer; for example, temperature extremes from -423'^to 
2300° F* (excluding thrust-chamber combustion products), pressure extremes from zero to 
10 000 psi*, high vibration and shock load environments, corrosive media, and the 
requirement that each part be within engineering tolerances and free of damage and 
contamination (rei'. 2). This monograph draws on the design experience accumulated in 
development and operational programs in the last 20 years to present guideliiies for 
overcoming these and other problems in achieving successful design. 


‘Factors Car convcriint! U.S. customary units to the International System of Units (SI units) are given in Ain'emli\ A. 
Terms, symbols, and materials are dctlntd or identified in Appendix B. 
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I ho prohk’m imiNl pivv;ili.'iil in v;il\i.‘-is'pi' tliM.ninu’L Is is k':il>.;ip«,*. whii-li m;iy In- < :niM*il hy 
misalign iiu’ii I ol compniK'iils. i.'\iii'im.' i.'miriiniiii.'iu. rxlremc lliiiil ivipiiiviiK’iil. or 
iiKvIianit'a! loath, Sfalinp, fliMiK-nls williin tin.' valw as wfll as al llio inU'irat-os aiv oxpo cil 
lo somo cxUmU Io amhifiil t'ln iionmcnlal coiuliliinis lollowinr? so para I ion. As a rosnli. ihc 
soalinp olomo'ils aro ospooially vnlnorahlo to ilainaj’o oansod hy loivipn partidcs and 
corrosion. Loakat?o also can ho a rosull of soll-indiicoil daniaf.'.o rosidlinp from inapproprialo 
inutoriuls or It) cliatlor or oscillation ol the valve oloniont (not mochanically hold in lidly 
open position) diirint? prolonged exposure lo flt.w. I'xcessivc tneclianical loads can cause 
malfunction of kicking mechanisms or improper separation of the two halves, ihese 
excessive loads can be caused by handling damage, contamination, cturosion. nrsmade parts, 
misalignment, improper installation, or inadequate design that did not give propci 
recognition to all operating parameters including dynamic conditions during separation. 

The primary problem with couplings and seals also involves leakage, which may arise from 
structural dellection. differential thermal expansion, inadequate control of surface finish 
and dimensions, or handling damage. Structural problems include underdesign of the 
restraining load required to maintain a seal. Oange dellection beyond the capability of the 
seal, and warpage of flanges in high-temperature applications. Seal problems sometimes are 
related to the interface coatings. Cryogenic seals with a Teflon coating can be subject to 
« .’ ‘ssive cold flow if the bearing pressure is too great or if the processing controls are not 
m lained; some high-temperature seals have sot\ platings that may bh :r and stick to the 
m” ’ng interface if the plating is not processed properly. Both the coupling, 'seal interface 
and the seal are prone to handling damage because the critical surfaces normally are exposed 
when the coupling is not assembled. Threaded flared-tube couplings are plagued with 
leakage problems because of damage to metal-to-metal sealing surfaces and relaxation of the 
connecting-nut torque. 

Problems with fittings that lead to leakage or inadequate functioning have been due 
primarily to initial design inadequacies such as improper flow levels and flow distribution, 
excessive pressure loss, and undesirable thermal gradients. Problems with fixed joints include 
leaks, corrosion due to improper cleaning and purging, poor dimensional control of parts to 
be joined, excessive weld dropthrough that restricts flow, and structural failures due to 
inadequate support or higher-than-predicted vibrations. 

Since the primary problems related to the components discussed in the monograph are 
concerned with design details, emphasis is placed on experience with particular detail 
problems and on successful problem solutions. The monograph treats component design 
rather than the procedure or process by which a part is made. Each component is discussed 
separately in the following sequence: disconnects, couplings, fittings, fixed joints, and seals. 
Configuration design of the component is presented first, followed by discussion of the 
various design elements and their impact on the design. The monograph emphasizes 
hardware detail and Is intended to serve as a summary of successful design as well as a useful 
tool for reviewing and evaluating new designs of the subject components. 
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2. STATE OF THE ART 

Rockcl i-ii)iiiH‘ iiiul s|i;iL'o vi'liiclc |Mo>>iiims have iilili/cil ilisconnccls, t.’oiiplinns, lifliupi, 
lixi'il joinis. aiul mmK Io varyiip* lU-^rtvs. Ihe aiircnl utnliunralioiis loi many o| ilu,w 
coinpononls haw ivsiilual I'ntm solutions to opi*ralional prohlems with earlier designs and 
Iroin the neetl to satisfy new and more sirinpent pert'ormanee reiinirements. in peneral. the 
etrmponents have heeome niore sophislieeied to meet the ever-inereasinp iv(|niremenls Tor 
pert'ormanee and reliahilily. 

C’nrrent aerospace technology iitili/cs only manually operated and breakaway disconnects; 
lorced-separation disconnects, used in the past, ilo not appear in current enpine anil vehicle 
systems. Manually operated disconnects are predominant and have the greatest variety of 
applications, file manually operated disconnects used in the early programs such as 
Redstone were aircraft or industrial types, with essentially no modifications. Requirements 
for breakaway and forced-separation types were more severe than those for manual 
disconnects, and there were no readily available units of either type. New designs, therefo.-e. 
were required to meet aerospace needs. As vehicle design and launching technology 
matured, the forced-separation disconnects have been replaced by breakaway disconnects, 
which in most cases are clustered together on umbilical panels. Manually operated 
disconnects still are basically aircraft and industrial designs, modified as necessary to meet 
the more exacting requirements of the aerospace industry for cleanliness, reliability, and 
material compatibility. 

In current vehicles, flanged bolted couplings are used in high-pressure systems ( 10 000 psi) 
in sizes up to d in. in diameter and in low-pressure systems (600 psi) up to 30 in. in 
diameter; flanged couplings as small as 1/4 in. diameter have been used. Flared-tube and 
threaded-connector couplings are used primarily in the smaller sizes (< I'/i-in. diam.) 
throughout a vehicle in a variety of applications. 

On the more recent large engines and vehicles, much effort has been devoted to elimination 
of static-seal couplings by the use of in-place welding or brazing of joints. Welded and 
brazed joint? are used extensively in spacecraft systems. The welds generally are butt welds 
and are accomplished with advanced, automated processes: electron-beam welding and 
gas-tungsten-arc welding. With the latter process, welds frequently are made in place on an 
assembly with diminutive welding devices. These butt joints are capable of being fully 
inspected for weld quality. 

The technology of fittings for rockets presently is a rather specialized area. The majority of 
fittings are designed and fabricated by the vehicle or engine manufacturor or by specialty 
shops to accomplish a particular function. A wide variety of fittings such as elbows, tees, 
crosses, tapotfs, area transitions, flow straighteners, and flow-turning devices has been 
designed and successfully used in cryogenic, hot-gas. vacuum, and high-pressure applications. 
However, improvements in fitting designs still can be made in the areas of fluid-passage 




J 




designs lor lower pressure drop, resistanee to corrosion, resistance to thermal-stress cracking, 
and general structural integrity. 

Static seals specified for current applications fall into three general groups: 

( 

( 1 ) lilastomeric O-rings or molded-in-place seals for use in limited-teniperaUire-range 
systems ( -80° to +500° F) when such seals are compatible with the lluid. 

(2) Plastic pressure-assisted seals for limited-range systems ( 80° to +500°F') when 
the seals are compatible with the fluid. 
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(3) M' tal seals, usually with soft-metal plating or Teflon coating (depending on the 
environment), for temperature extremes (hot gas or cryogenic). 

I 

The elastomeric seal is the simplest type, is the most reliable (when the seal assembly is 
properly designed), and is inexpensive; it is usually the first choice if the elastomer is 
compatible with the environment. The plastic pressure-assisted seal is more expensive than 
the elastomeric 0-ring. and covers about the same range of temperature and pressure: the 
advantage of the plastic pressure-assisted seal is its ability to seal with more joint separation 
than the O-ring seal. The metal seal is the most common cryogenic and hot-gas seal. The 
pressure-assisted seal concept was successfully developed and placed in service earlier than 
the non-pressure-assisted seal and. when integrated properly into a coupling, performed well 
"v^iun the design requirements. The flange interfaces are fairly simple in comparison with 
those for some of the non-pressure-assisted seals that require close-tolerance special 
interfaces. 

2.1 DISCONNECTS 

A disconnect assembly, also called a quick disconnect, is a specific type of separable 
connector characterized by two separable halves, an interface seal, and usually a 
latch-release locking mechanism; many breakaway or rise-off disconnects that are held 
together by gravity or friction do not have latch-release mechanisms. A check valve or 
shutoff valve usually is contained in at least one-half of the assembly. Connection or 
disconnection normally is performed quickly (in about 1 sec)and is implemented with a 
simple slide or rotary motion (or both) of the coupling ring. In vehicle-to-ground 
disconnects, the vehicle half is a flight item and as such requires flight reliability. Failure to 
disconnect properly can have a serious impact on the launch or even cause an abort. 

The extensive use of disconnects in launch vehicles is illustrated by two examples. The 
Saturn V vehicle contained a total of 273 manual and breakaway disconnects (ref. 3). 
Approximately two-thirds of these were related to the propulsion systems; the remaining 
disconnects were associated with fuel cells and life-support systems. In the Atlas (MA-5) 
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vehicle, eiglu disconnects are used between tlie booster-engine package and the vehicle. The 
disconnects range in size Iroin 1/2 in. to 11 in,; they are all breakaway types, with 
poppet-lype check valves in the vehicle hall. These staging disconnects are operative when 
the booster^Migine package is jettisoned during llight. 


2.1.1 Configuration Design 

In a disconnect assembly, the valve-operating mechanism, the latch-release mechanism, and 
the interface seal are intimately related. Therefore, the design of both halves is controlled by 
a single contractor, even though a subcontractor ultimately may be responsible for 
procurement ot the ground halt. Since the fliglit-half requirements are the more critical, the 
vehicle contractor normally is responsible for this half and for coordinating the entire 
design. Poor coordination can cause time-delaying and embarrassing problems >vhen the two 
halves are mated tor the first time (e.g., accumulation of manufacturing tolerances that 
could prevent engagement or permit seal leakage). 


In the design of a disconnect, the very significant differences among all of the operating 
requirements including environmental conditions, contamination, and sealing in both the 
connected and the disconnected modes must be recognized. For example, in the engines in 
the Atlas vehicle, manually-operated disconnects are used to drain residual fuel from the 
system. The system pressure during this drain operation, the only time the two halves are 
connected, is static head only and is insignificant. Thus, a minimal latching mechanism 
could satisfy this requirement. However, during engine operation, when the ground halves 
are disconnected, the system pressure approaches 1000 psi. The disconnects, therefore, are 
designed to withstand the operating pressure. 


2.1. 1.1 MANUALLY OPERATED DISCONNECTS 

Manually operated disconnects are used in both liquid and gas systems to facilitate servicing 
and checkout operations of the flight systems while the vehicle is on the ground; for 
example, pressure testing and purging engine systems, and transferring life-support supplies 
(water, oxygen) and fuel-cell supplies to the vehicle. Manually operated disconnects larger 
than 1 1/2-in. seldom an used; 1M*» 3/8-. and 1/2-in. line sizes are the most common. 

Manually operated disconnects normally contain a check or shutoff valve in each half; the 
valve is forced open mechanically by the connecting operation. Figure I illustrates this 
action. In some applications (e.g., purging from the ground), a pressure-actuated valve may 
be used in the vehicle half. 

Safety ot personnel is a prime consideration in design of manually operated disconnects, 
particularly with toxic or cryogenic propellants at high operating pressures. The propellants 






can cause bodily harm in the form of skin burns or lung-damaging inhalation. The high 
pressure produces high kinetic energy that, in the event of a structural failure or inadvertent 
disconnection, can induce higli velocity into moving haidware. Therefore, during design 
careful attention must be given to the conditions under which the disconnect is to be 
separated (i.e„ no pressure, low pressure, or high pressure). 

Three basic types of latch-release mechanisms are used: screw threads, push-pull, and twist. 
While the threaded type offers maximum simplicity and reliability, it is the most 
cumbersome to use. In some applications, a latching mechanism that requires a specific 
action (e.g., an initial rotary motion) may be used as a safety feature. With very hazardous 
or high-pressure fluids, the check valves are not opened during connection until after the 
interface seal is engaged and the latching mechanism is secured. In a ball-valve type of 
disconnect, for example, this sequence is imposed by providing an interlock between the 
ball actuation and the latching mechanisms. 

Manually operated disconnects rarely are used in cryogenic applications because of problems 
associated with handling temperatures, reliable interface seals, and contamination, 
principally moisture/ice. 

Efforts to provide industry standards for manually operated disconnects are presented in 
reference 4. 


2.1.1.2 BREAKAWAY DISCONNECTS 

Breakaway disconnects (also called rise-off or staging disconnects) are disengaged by the 
separation force as the vehicle rises from the launch pad (or as an upper stage pulls away 
from a lower stage). Ranging in size up to 11 in. in diameter, these disconnects ire used to 
maintain critical contacts with supply facilities such as propellant and pressurizing gas 
supply, hydraulic system supply, propellant fill and drain, and purge gas until vehicle liftoff 
(or stage separation). In the past, these disconnects also were used to supply propellants 
from engine start systems that were ground-mounted (Jupiter) or jettisoned in flight 
(Navaho); however, current technology employs self-contained start systems, which do not 
require breakaway disconnects. In most applications, both halves contain check valves, but 
it is not uncommon for the check valve to be deleted from one half. 

Disconnects for cryogenic systems almost invariably have been the breakaway type. The 
ground carrier is mated and latched to the vehicle panel manually under ambient conditions, 
prior to activating the system; thus the danger of trapping frost or condensate with the 
disconnect is avoided. The complex mechanism normally required to make the connection 
remotely is unnecessary. Once mated and checked out, breakaway disconnects are not 
disconnected until vehicle liftoff. 
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Disengagement takes place aft. r the meclianism is released automatically by pneumatic 
. echamcal actuation, Althougli .atcli mechanisms on the panels or the individual 

'* “"I'ally operated disconnects that incorporate the 

and dram valves, for example, incorporate bolts that are fractured at rS t 
lanyard-actuated cam system. ^ ** 

The most common configurations for breakaway disconnects are the slip and the ball and 
cone (figs. 2 and 3). Either of these types may be pressure balanced (figs. 4 and 5). 

disconnect (fig. 2) is characterized by cylindrical male and femal halves that slip 
together and are sealed with self-forming lip seals, 0-ring seals, or chevron seals. They are 
usua y seaed with two seals, with the area between the seals vented for leakage 

acceptable leakage of harmful or combustible gases 
Disconnects on cryogenic lines usually are vacuum jacketed and may have a tertiary seal to 

sSgLLlurftr*'^ cryopumping and ice buildup 

The ball-and-cone disconnect (fig. 3) is characterized by ball-shaped male half usually the 
ground half^, and a cone-shaped female half, usually the vehicle half. Disconnects for harmful 
frequently have two ball-and-cone seals with vents between the seals 
or leakage measurement and disposal of acceptable leakage. The male ground half of the 

“.leTe:^^ " on tt 

I^n the pressure-balanced disconnect (figs. 4 and 5), the end of the male portion of the 
disconnect is closed, with holes in the side of the probe, and the female portion is a 
fiZ of fl tube with holes in the inner wall. When the disconnect is mated, the 

the fitH ^ from one portion to the other is essentially perpendicular to the centerline of 
the fittings and with the closed-end fittings, the longitudinal forces are essentially balanced 
in each half. The lateral fluid forces are spread around the circumference of the Lie probe 
md fiius are also balanced. Therefore, when this type of disconnect is separated, wi/ fiuid 
flowing under pressure, it imparts negligible lateral or longitudinal forces to the vehicle For 
pressure-balanced disconnect usually is used for lines that must be separated 
under pressure. As noted, pressure balancing may be incorporated in either the slip tyn- or 
tne ball-and-cone type. / . - 

rt»'--’fr<ll»connects were all slip 

T-,;. r iliscomiKt with spring loading was 

selected for low pressures, the ball-and-cone with bellows loading for medium pressures and 
pressure-balanced slip type for pressures over 500 psi. Pressures, and 
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Figure 2. - Typical slip disconnect (engaged). 



Figure 3. - Typical ball-and-cone disconnect (engaged). 





2.1.1.3 FORCED-SEPARATION DISCONNECTS 


Applications of the forced-separation disconnects, wliicli include both explosive- and 
pressure-actuated types, are very limited. Explosive-a Hiated disconnects are not used in 
current vehicle technology. Early in the Titan program, problems arose because the vehicle 
could not withstand the high forces generated by explosive-actuated disconnects, and these 
disconnects were replaced with breakaway disconnects. 

Since most explosive-actuated disconnects make use of explosive-actuated valves having zero 
leakage, the primary advantages of these disconnects are zero-leakage capability, all-metal 
construction, rapid shutoff, small size, and simplicity. Disadvantages are (I) problems 
associated with handling hazardous explosive charges, providing structural capability to 
withstand the high forces, and handling the ejected ground half; (2) the inherent 
single-operation limitation; and (3) difficulties with providing a redundant release system. 
Design concepts for explosive valves are discussed in reference 5. In the disconnect design, 
the explosive energy that operates the valve acts simultaneously to cause failure of the latch 
and forcible ejection of the ground half. Thus, the latching mechanism can consist of a shear 
pin (or pins). In some designs, advantage has been taken of the high axial forces available to 
utilize a face gasket between the ground and vehicle halves of the disconnect. 


2.1.2 Design Integration 

2.1.2.1 VALVES 

Tlie basic valve function in disconnects is that of a check valve (ref. 5) modified as necessary 
to accommodate specific opening, latching, or closing requirements. Poppet valves nomiaily 
are used, although ball valves (ref. 6) have been used where flow characteristics were 
sufficiently critical to justify their greater complexity or where a rotary-valve actuation 
coupled with the latching mechanism was desired because of hazardous fluid. Other 
considerations include spillage, Icakge, possible ingestion of atmospheric air during 
separation, separation forces, and pressure drop. The factors that influence the choice of 
materials and the configuration details of valve seats, poppet guides, flow passages, and 
other design elements are not unique to disconnects and are treated in detail in references 5 
and 6. 

Except for those applications that require the valve to be pressure operated, the operating 
requirements may be considered to be relatively mild. For example, the valves are 
mechanically opened at low pressure and at ambient temperature and held open during 
exposure to flow and high pressure; the opening force is applied axially at a low travel rate 
and does not produce significant transverse loads on the poppet guide; a low cracking 
pressure and resultant low scat unit load is not a requirement; and the valves are not 
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subjected to rapid closing by sudden flow reversals while In the open position. Disconnect 
applications, however, do impose severe conditions in two areas with respect to valve design; 

( 1 ) Widely varying llowrates may be applied for long periods of time. 
Pressure-operated valves thus are exposed to flow conditions that can cause 
chatter. 

(2) Frequent exposure to ambient conditions during the connection/disconnection 
phase of operation is conducive to damage of sealing surfaces by contamination or 
corrosion. 

Chatter Is minimized by using flow restrictors or lightly loaded springs that hold the poppet 
off the seat during low-flow operation (ref. 5). Contamination and corrosion are minimized 
by the proper selection of materials (sec. 2.6.1) and by installing protective covers (sec. 
2.6.2) over the open disconnect. Figures 6 and 7 illustrate poppet valves that are held in the 
open position mechanically, one being externally actuated and the other internally actuated. 


2.1.2.2 INTERFACE SEALS 

Whenever the fluid and temperature requirements permit, an elastomeric O-ring is used for 
the interface seal. A typical installation Is shown in figure 1 . This configuration is simple and 
reliable. 

In cryogenic disconnects, plastic lip seals generally are utilized between the two halves. Face 
seals have been used for some cryogenic applications: however, they ha^'e presented sealing 
and latching problems resulting from the valve opening prior to the seal engagement. A soft 
metal gasket between serrated flanges has been used successfully to contain chemically 
active fluids (e.g., liquid fluorine). One limitation on the use of the soft metal gasket is that 
is should not be used near a shock-producing device (e.g., an explosive-actuated valve or 
release device) because excessive shock levels may cause the gasket to yield beyond recovery 
and thus produce unacceptable leakage. Figure 8 shows this type of disconnect with a 
secondary seal and a method for venting and detecting dangerous leakage. When leakage is at 
a dangerous rate, safety precautions are initiated prior to seal engagement and detail 
tolerance studies are performed to verify seal function within tolerance limits. Another 
solution to this problem is the use of a separate operation to open and close the valve while 
the seal and latch mechanism is engaged. 

Normally, the internal pressure is greater than external pressure and (he sealing of internal 
pressure only is required. When the internai pressure is lower, or when the high-pressure 
potential alternates between internal and external, the interface seal must perform in either 
direction. Seal technology is discussed in section 2 . 5 >. 
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Figure 8. - Disconnect with metal-to-metal seal on serrated flanges. 


2.1.2.3 LATCH/RELEASE MECHANISM 

The primary function of the latch/release mechanism is to hold the two halves ol the 
disconnect together when they are connected and to provide a clean-break separation ol the 
two halves on command/operation. In addition to resisting separating forces due to pressure 
and equipment loads, the mechanism may also provide an axial load tor the interlace 'e.il 
(ref. 7). In manually operated disconnects, the latch/release mechanism is relatively simple. 
The most common type employs a spring-loaded collar that, when connected, forces balls 
(or their equivalent) into a groove in the mating half, as shown in figure 1 . When the collar is 
retracted, the balls are allowed to clear the groove, and the mating half then can be 
disengaged. When mated, the ground half is free to rotate to prevent twisting of the line. 
The tlight half is rigidly mounted. 

The motion required to operate the majority of manually operated disconnects is a 
push-pull motion. In some instances, push-pull designs are modified to require a twisting 
action to secure the latch after engagement, and to permit releasing the latch before 
disengagement. Such modifications are intended to prevent erroneous disengagement by 
requiring a deliberate specific action, or to provide additional resistance to loosening by 
vibration. A twisting motion also may be utilized to operate ball valves in conjunction with 
the latching and releasing operations. 

The vehicle-half protective covers are used to provide protection for the exposed valve 
mechanism and. at times, to provide a redundant seal lor the check valve. The protective 
covers utilize the same latching mechanism as the ground halves. When the protective cover 
is used to provide a redundant seal, the latching mechanism is designed to accept system 
operating pressures. These pressures may be in excess of any pressure that may exist when 
the ground half is engaged during ground operations. Thus, the structural requi'-ements lor 


the lalchiiiw inci-iumism design can be dictalecl by the protective cover rci|nircnients. Hgurc 
‘) ilbislralcs a tlisi-onnccl with llcxibic-conc and popiiet debris valves, wliicb prefect both 
the vehicle and ground halves o| (he disconnect Irom debris alter separation. 



Figure 9. - Flexible-cone and poppet debris valves (coupling separated, valves closed). 


Breakaway disconnects usually are panel mounted and do not always require individual 
latching or releasing mechanisms. For exainpl-^, the latch/release mechanisms for the smaller 
disconnects on the Saturn V umbilical panels are mounted on the panels; (he larger 
disconnects usually have self-contained latch/release mechanisms. However, the SIVB Hll 
and drain or vent system disconnects do not have latch mechanisms. Ball-type locking 
devices, which are similar in concept to manually operated designs e.xcept that the locking 
member is pneumatically or mechanically actuated, are also used. The meclianical method 
normally is operated with a lanyard and can be used as a redundant system. 

Latch/release mechanisms generally are trouble free; however, mechanism lailures were a 
problem In early launches. For example, failure of a lanyard-operated disconnect device due 
to excessive loading prevented jettisoning of the fuel start system after launch in the second 
Navaho flight and resulted in destruction of the vehiele. Because ot the disastrous 
consequences of failure to release and separate, current practice is to provide redundant 
release mechanisms in breakaway disconnects. On the Saturn V aft umbilicals, a 
pneumatic unlocking action is initiated by the launch commit signal, and when the vehicle 
rises 0.75 in., the ground-side panel is retracted hydraulically by the mobile-launcher service 
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arm. Should the primary pnoiimatic unlocking mcchanifim lail, a secondary lanyard-operated 
release mechanism is activated after a 2-in, rise. It both systems fail, the umbilical is 
disconnected by cam action from the vehicle after a rise of approximately 1.'^ in, (ref. Ki, 
Another potential problem is the vulnerability of the latch/rclease mechanisms to 
malfunction or permanent damage because of ice. To cope with this problem, shrouds 
frequently are used to prevent frost accumulation in critical areas. The shrouds are carefully 
designed to ensure that they do not interfere with latching mechanism operation. It is 
sometimes necessary to provide a purge in a shrotui over a cryogenic disconnect to prevent 
the possibility of ice formation under the shroud. 


2. 1.2.4 MOUNTING 

Disconnects of all types normally are attached individually to the vehicle or GSl; at the 
location where required. In the case of the manually operated disconnects in particular, 
there is no significant advantage in combining more than one unit in a single housing; these 
disconnects serve their function better and simplify the sytem when they are located at the 
point of application. However, when a system requires use of closely grouped, manually 
operated disconnects of the same size, erroneous connections of incompatible subsystems 
are possible. Such connections can be avoided by making it physically impossible to 
interconnect ground halves and vehicle halves used in different systems. Several methods are 
used to accomplish this objective and still retain the advantages of common valve-latch and 
interface-seal elements. One method involves uniquely arranged keys and keyways or pins 
and slots. When for cost and spares reasons it is desirable to have a common design for 
disconnects of the same size, the panel and connecting lines are designed so that it is 
physically impossible to reach an incorrect disconnect of the same size. 

The breakaway and forced-separation disconnects are mounted close to each other and 
occasionally on clustered panels to simplify launching operations. When mounted on panels, 
the configurations are designed to balance forces to avoid transverse loads. Whenever 
practicable, only completely compatible systems are clustered on a single panel: for 
example, oxidizer and fuel disconnects are mounted on different panels. Undesirable 
interactions are thus precluded. Proper alignment in clustered disconnects is ensured by 
providing an alignment adjustment, which is usually incorporated on the ground half to 
maintain simplicity on the vehicle side. 


2.1.2.5 SPILLAGE CONTROL 

Spillage is the amount of lluid in a double-valve disconnect that remains (rapped within the 
partially disengaged assembly at the instant both valves have closed, l-igure I depicts the 
spillage volume in a typical manually operated disconnect design. Since spillage also 
represents air entrapment during engagement, some systems handling liquids may be 


1(1 


scnsilivo to llii>. volimu’ iVom iho sUiiitl|u*in» ol’jiir iiidusion. An i.‘xlivmi'ly iinportimi itxjU'd 
of spillage conliol is iIk* conlrol ol laif.c aiiioiinis ol spillape tlial can caiisc ■■water liaiiiiiiiT’’ 
in a llniil sysicm. 

In most aerospace systems haiullin^', m»nto.\ic llnicls. spiilape is not critical. However, wlien it 
is eritieal. spilla|.',e control is tlirecleil lowaol inii>inii/inp Hie volume helween valve seals as 
well as the ili.splacenieiit helween the valves lollowini.’ valve closure ilurini* diseonnecl 
separation. I'iume 10 .shows a melluKl ol' aehievinjj inininunn spi.lajie volume. Throuph 
earerul ilesitui, it is possible, lor example, to reiluee the spillage volume in a I /2-in. 
ilisconneet to less than O.O.'i cm* (rel. ‘H. 
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in) Partially connected 


111 ?? 


LATCHING SLEEVE 


(b) Fully connected 


Figure 10. ~ Two-valve disconnect designed for minimum .pillage 


2 .? COUPLINGS 


(ouplings arc manually actuated separable connectors (hat require more than a lev, seconds 
tor engagement or disengagement, 'types of couplings include static Hange. threaded 
connector, and slow-rotating or -oscillating dynamic swivel coupling. C'ouplings are used in 
J]uid systems to connect lines or components in a '‘leakproof* connection that can be 
disconnected. This section covers the coupling load-carrying structure and the intluence ol 
the seal on coupling design: seals are covered in detail in section 2.5. The basic design 
information for Huid couplings is well documented in references 9 through 14. 

A coupling design for use in a liquid rocket must satisfy the following requirements: ( 1 ) 
"zero leakage" for man-rated systems (a philosophy that has developed through the Saturn 
vehicle development and flights), (2) high reliability, (3) low weight, a consideration in 
direct conflict with high reliability, and (4) low cost, a requirement that must be 
compromised to meet the other requirements. A general discussion of the problems 
encountered in coupling design and the various tradeoff considerations are included in 
reference 15. 

The need for zero leakage was established early in the Saturn program because of the large 
number of couplings involved and the impact of a fire or explosion that could result from 
leakage. The success of the Saturn vehicle series is strong evidence that the philosophy of 
“zero leak" is a good one, even though a firm definition of "zero leakage” is lacking (ref. 
16). 

In order to obtain the optimum coupling designs, a structural analysis is performed on the 
couplings: this analysis takes into account all internal pressure conditions, external loads, 
and thermal coiiditions. A comprehensive connector analysis intended to optimize the 
coupling design with respect to restraining force's and rigidity without over-designing has 
been prepared (ref. 17): however, the analysis has not been verified by test. 


2.2.1 Configuration Design 


2.2.1.1 FLANGED COUPLINGS 

Typical fianged-coupling configurations are shown in figure 11. These coupling 
configurations are modified as required to mate with the various types of seals. Flanged 
couplings are used where loads require the type of restraining force provided by bolts or vee 
clamps or where coupling reliability dictates the use of more than one threaded clamping 
fastener. Failure of a threaded coupling by thread disengagement can be catastrophic, 
whereas failure of one of a number of bolts on a flanged coupling may have less impact. This 
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factor was one of the reasons that threaded couplings on the F-I engine were limited to 
zero-pressure drain systems. The coupling configurations used on this engine consisted 
primarily of flat-face flanges, flat-face with seal cavity, and flat-face flanges with swivel ring. 
The swivel-ring design was used where alignment of bolt patterns presented a problem. 
Leakage-monitoring capability (sec, 2,2.2,4) was provided on joints that were considered 
critical or were representative of a family of joints of similar design and operational 
environment. On the J-2 engine, flat-face flanges, flat-face with swivel ring, and threaded 
boss couplings were used, with leakage-monitoring provisions at each coupling. 


2.2.1.2 THREADED COUPLINGS 

Basic types of threaded couplings (or connectors) are shown in figure 12. The standard 
flared-tube coupling (fig. 12(a)) was developed before World War 11, principally for aircraft 




(c) Flared, with crubh**gat>ket 
conical seal 



B-NUT 



Figure 12. - Basic types of threaded couplings. 
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hydraulic systems, and was carried over into pneumatic and hydraulic installations on the 
early aerospace vehicle programs (Thor, Jupiter. Atlas). Aluminum components for 
connectors and lines proved adequate in sealing characteristics but had limited strength to 
contain the system fluid in high-temperature or high-vibration environments; further, the 
aluminum components were subject to seizing under over-torque conditions or In extreme 
environments. Stainless-steel components for connectors and lines proved difficult to seal 
because of the poor yield characteristics of the seal material and the difficulty in controlling 
the sealing surface of the components and tube flares involved. Stainless steel also work 
hardens and can crack during the flaring operation. Flared-tube couplings, both aluminum 
and stainless steel, are subject to relaxation of B-nut torque as a result of creep at the seal 
interface or within the threads and nut backoff under vibration. Leakage at normal 
installation torque can occur because of improper surface finish, misalignment, 
contamination, or inadequate seal interface load. 

A search for a better flared coupling to solve leakage problems on the H-1 engine program 
led to the use of a machined sleeve (fig. 1 2(b)). The machined sleeve combined the flare and 
the ferrule, or sleeve, into one machined part, which was then welded into the tube 
assembly at a safe distance from the flare to prevent warpage. A variation of the 
butt-welded, machined-sleeve connector illustrated in figure 12(b) -a silver-brazed, 
machined-sleeve connector - is in general use in small plumbing on the RL 10 engine. The 
sealing surface on the tube assembly ferrule is finish-machined before the brazing operation. 

The machined sleeve has the following advantages over the flared tube: 

( 1 ) Tolerances in the conical-tube sealing surface can be closely controlled. 

(2) Increased rigidity of the sleeve resists distortion at sealing. 

(3) The weak point of the tubing at the base of the flare is eliminated. 

(4) Seizing between the tube and sleeve Is eliminated. 

(5) Greater hoop strength helps prevent seizing between the sleeve (now the tube 
end) and coupling nut. 

The machined sleeve retains two problems common to the flared coupling: a metal-to-metal 
seals, and the same type B-nut for effecting the coupling. 

A different approach for achieving a seal on the flared connector (fig. 1 2(a)) Is the use of a 
soft material generally copper or aluminum, between the steel interfaces (fig. 12(c)). This 
concept improved the likelihood of making a leak-free coupling; however, some of the above 
problems still exist (e.g., torque relaxation due to vibration, tube cracking during flaring 
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operation), and new problems were created (e.g.. improper seal installation, which orillced 
the flow, and galling of the seal, which introduced metal particles into the fluid system). 

Various flareless-tube threaded couplings (flg. 12(d)) have been developed to eliminate the 
flaring problems. These couplhigs still have the problem of sealing with metal-to-metal 
contact and, in some cases, have increased the number of potential leak paths. Other 
problems include yielding of the ferrule, which results in leakage, and the requirement that 
the external surface of the tubing must be damage-free to effect a seal between the ferrule 
and tube outside diameter. These couplings have very limited use on large rocket engines: 
however, they have been successfully used througliout spacecraft systems where the 
vibration is not severe and the pressures are not high. They have also been used successfully 
on thruster engines where the lines are small. 

In order to overcome the weakness of the metal-to-metal-seal, brute-force couplings 
discussed above, connectors with a sophisticated sealing approach were designed (ref. 9, par. 
5.12.3.14 and 5.13.3.15). These designs have overcome most of the problems with the 
metal-to-metal threaded couplings by providing an effective seal element and by using an 
improved loading method through a parallel load path to retain coupling tightness. In some 
of these designs, a separate seal is used, a provision that can result in installation problems 
(e.g., seal not installed or misaligned). Also, prior to assembly, sealing surfaces must be 
inspected visually with suitable aid (10 X enlargement) to detect flaws, scratches, pits, and 
other surface imperfections. Seal problems arc minimized by performing leak checks that 
verify the seal integrity. 

Another threaded-coupling configuration is the threaded boss coupling (fig. 13). The boss 
coupling is used for instrumentation ports with standard plugs or for a tapoff coupling for a 
fluid line. 



Figure 13. - Typical threaded boss coupling. 
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In the initial stages of the F-l engine program, design specifications were established to 
restrict the use of threaded couplings in functional pressurized tubing to 1/4-in. diameter or 
less in order to achieve high reliability. For larger tubing and ducting, flanged couplings were 
used. These practices resulted in most of the tube-flared and machined-sleeve couplings 
being restricted to instrumentation and drain lines. To minimize the problem of B-nuts 
being loosened by vibration, a self-locking nut (deformed thread type) was used. 
Threaded-boss couplings with union and B-nut were used for test instrumentation ports, but 
a plug and seal were installed prior to engine delivery. 

In the RLIO engine, large-diameter (1.625 in.) threaded couplings are used on low-pressure 
(< 5 psi) ducting. Flat Teflon-coated aluminum gaskets are employed under threaded 
instrumentation-boss couplings in pressure systems up to 1000 psi in LHj and 600 psi in 
LOj. Threaded instrumentation taps in high-pressure, thin-wall lines utilize set-in, 
butt-welded bosses. Conventional B-nuts without a self-locking feature are used throughout 
the RLIO engine; loosening of the nuts is prevented by the use of safety wire rather than by 
a self-locking feature in the nut. 

In the Apollo spacecraft, various types of threaded couplings were used where access or 
installation dictated a separable connector. A tabulation of the couplings and the system in 
which they were used is presented in reference 18. 


\ :: 2.2.1 .3 DYNAMIC SWIVEL COUPLINGS 

■' Swivel couplings, where the coupling serves as a dynamic interface, have been used on some 

rocket engines (e.g.. on the E-1 and X-1 experimental engines, and on the Atlas vernier 
engines). However, because of leakage, limited life, reliability problems, and unsuitability 
for use with cryogenic systems, swivel couplings were not used in the ducting system on the 
‘ Saturn engine. On the Saturn engines, design approaches included a rigid ducting system 

with alignment spacers for the pump discharge ducting, and flexible ducting with either 
' bellows or flexible hoses for gimballing ducts (ref. 19). Swivel couplings were used 

! • successfully between moving members of mechanical components (e.g.. valve stems, 

■ actuator shafts, and pistons). However, provisions were made to dispose of leakage, and 

extensive testing was performed to determine the cycle-life limits and to establish reliability. 
Leakage is inherent in this type of coupling because of the sealing problems. For elastomeric 
, ! • seals in systems with liquids such as RP-1 or hydraulic oil, the leakage provides the lubricant 

■■ necessary for long cycle life. The leakage is vented to a safe area to minimize accumulation 

j ;■ of leakage products and prevent them from contributing to or igniting a fire. 

' 2.2.2 Design Integration 

- 2.2.2.1 SEAL CONTACT SURFACE 

The success of the coupling in limiting leakage depends on its capability for providing the 
necessary seal contact. The interface requirements involve the seal housing, surface finish. 
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machine lay, and surface flatness and waviness. A summary of the surface finish and flatne*;.; 
requirements for aerospace-type seals is included in section 2.5 (table 1). The sealing ability 

‘'•°"‘>*tion. Since Surface 

smooth and approaches a true plane provides more seal contact area. This contact in tiim 

texture. 

Surface flatness and waviness (fig. 14(a)) are factors in seal leakage either because these 
requirements are not specified on the drawing, or because manufacturing personnel do not 
erstand the requirement. Flatness and waviness control is necessary to limit the surface 
contours to ensure their compatibility with the seals. Excessive out-of-flatness or waviness 

sea^lorr'lf'L^'i" ‘capability without generating the required design 

sealing load. If flatness and waviness are excessive, the seal is unable to follow the flanL 

surface contour m the radial or circumferential directions: this coLilrTesults ifa 

base^ on t^s^i•f®c^SIis^i*'^^• waviness is to establish limits 

cased c^n me surface finish requirement: and if a tighter flatness or waviness tolerance k 

rn^’the^^F*! and’T^^f flatness and waviness requirements, as used 

.K. n ^ \ requires a particular flange surface finish to seal a fluid that finish 

Zn^ Z fatness and wa 'Is r 

automatically applied througn the use of a machining specification (ref. 21). 



Surface 

Tolerance 

f tnish, 
M »n. 

Flatness, 
i n« /i n. 

Waviness, 
<n./l/2 in. 

k 

0.00008 

0.00004 

8 

0.00016 

0.00008 

16 

0.00032 

0.00016 

32 

0.00063 

0.00032 

63 

0.0012 

0.00063 

125 

0.0025 

0.00125 


figure 14. Illustration of flange flatness and waviness and typical specifications. 
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An installation of a typical pressure-assisted plastic-coated seal for cryogenic fluid calls for a 
32-juiii- surface finish with a circular lay (phonograph record profile), ilatness within O.OOOf) 
in./in., and waviness of 0.0003 in./0.500 in. An acceptable alternate to the 32-pin. finish is 
a multidirectional finish of 8 pin., which permits alternate fabrication methods and allows a 
damaged surface to be repaired without re-machining. For metal-plated seals, the same 
specifications for flatness and waviness are used, with the surface finishes varying from 32 to 
8 pin. the value depending on the leakage and interface loads. If the leakage requirements 
for the joint are extremely low, a 16 -pin. finish is used. 

Another coupling/seal interface problem arises from surface imperfections. Surface 
imperfections may be inherent in the material (e.g., porosity in castings or stringers in 
wrought material) or, more frequently, they are incurred through handling abuse during 
fabrication, assembly, and installation. If these imperfections occur where the seal is made, 
they can impair sealing ability unless the seal unit load is sufficiently high to cause the seal 
material to flow into the voids. A general practice consists of specifying the critical flange 
sealing surface on the engineering drawing so that manufacturing personnel can take the 
steps necessary to obtain and retain the area free of imperfections. If a seal interface is 
damaged when the coupling is installed on an engine, the part may be removed for rework 
or it may be resurfaced in place, provided that the design requirements for waviness and 
flatness are attained. 

Finally, tolerance accumulation can also present a seal contact problem and result in 
coupling leakage under extreme conditions. Tolerance conditions uncovered on J-2 and F-1 
engines included (1) seal/flange lateral shift that permitted the seal to overlap the inside of 
the duct or overlap the leakage monitoring cavity, (2) boss/seal misalignment, and (3) bolts 
bottoming in a blind hole or running out of thread. Tolerance problems currently are 
minimized or eliminated by tolerance-extreme studies as outlined in reference 22. On the 
RLIO engine, piloted flanges are used to align tubes to bosses and to keep seals and bosses 
aligned and out of the flow stream. 


2.2.2.2 RIGIDITY 

Coupling rigidity enables the coupling to resist deflections and distortions due to mechanical 
or thermal loading. The degree of rigidity required for a coupling is related directly to the 
seal element that must compensate for deflections and distortions. Typical deflections and 
distortions that can cause leakage problems with flanged couplings are shown in figure 15. 

Flange bowing is the tendency for the flanges to separate between bolts as a consequence of 
thin flanges or an inadequate number of bolts. This problem is prevented by increasing the 
flange thickness or the number of bolts or both. Reference 23 provides a detailed analysis of 
bolt spacing for flanged couplings. Flange rotation denotes the tendency of the coupling to 
separate at the seal surface as a consequence of (1) thin duct walls that have too little 
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(a) Flange bowing 


J 


FLANGE ROTATION 




(b) Flange rotation 


Figure 15. — Two kinds of flange deflection resulting from lack of rigidity. 


resistance to the rotating moment, (2) flanges that lack sulTicient rigidity and consequently 
deflect under high separating loads, (3) insufficient flange contact outside the bolt circle, (4) 
insufficient flange thickness, and (5) an adverse thermal gradient that prevents the flange 
from expanding without contraint. The flange rotation problem nonnally is resolved either 
by increasing the flange rigidity or by increasing the ability of the seal to follow the flange 
separation. The current coupling design practice permits deflections within the capability of 
one of the high-resilience type of seals (metal or elastomer), so that coupling size and weight 
are kept to a minimum. Flange deflections are analyzed by methods presented in reference 
24. 

In the coupling design concept used on the Space Shuttle Main Engii e (SSME). the point of 
rotation during flange rotation is placed just on the pressure side of the seal and as near to 
the seal as possible; a gap between the two flanges is provided (fig. lO(a)). Any rotation of 
the flange, therefore, has little effect on the seal. Figure l(>(b) shows the design generally 
used on the large Saturn engines. The two figures illustrate the difference in size that can be 
achieved in sealing the same fluid pressure by using the SSME design with high-strength 
material ( Inconel 7 1 8) for the flanges and the bolts and by measuring the fastener preload 
with the ultrasonic method described in section 2.2.2.3. The weight saving on the SSME 
with this coupling design, in comparison with the weight required by the Saturn concept, 
was over 1200 Ibm per engine. This new design has been proven successful on SSMl- 
qualification tests for very-high-pressure applications: 10 000 psi operating pressure. 18 000 
psi test pressure. 

2.2.2.3 RESTRAINING MECHANISM 

File restraining device provides the force required to keep the coupling together under all 
operating loads. The loads on a coupling are both infernal and external. Internal loads are 
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Figure 16*— Comparison of flanged coupling designs used on SSME and Saturn engines. 


due to the system pressure: these loads include the etTccts of surges generated by operation 
of components in the system and by the system operation itself, hxternal loads include 
vibration and misalignment loads transmitted through the dueling or components, torque 
from rotating macliinery, thermally-induced loads, seal loads, acceleration loads, and the 
load from the coupling restraining mechanism itself. 

To provide the required restraint, the restraining device is preloaded to seat the seal at a 
compressive load greater than the separating loads. Insufficient preload will result in leakage 
if the resilience of the seal is unable to compensate for the separation that occurs in 
operation. Also, a gap between the llanges can result in seal abrasion in an installation 
subjected to high vibration, ('oupling restraining problems have occurred on both cryogenic 
and hot-gas applications as a result of installation preload, loss of preload because of a 
thermal gradient, and bolt yielding at high temperatures. Such problems are resolved by 
analyzing the coupling and specifying the proper bolt loading. References h and 2.S provide 
detailed information on coupling preload and preloaded bolts. Mange or coupling nuts and 
bolts not desig'ied for the required levels of shock or vibration allow tlange v»r coupling 
deflections, and intermittent leakage results. This point is specifically addressed in reference 
2b. 

The restraining mechanisms for couplings consists of the nut and tube flare on threaded 
couplings, and either bolls or ring clamps on flanged couplings. Most liquid rocket engine 
couplings are restrained by bolts because of high clamping-load requirements and the large 
duct diameters, which prohibit the use of threaded couplings. Ring clamps, in comparision 
with boiled llanges. have limited use because of the large weight and envelope requirement 
for high-pressure applications. Another problem with ring clamps is difficulty in determining 
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(ho clamping load ; (Ik* I'rioiion hoiwooii (ho rinni'iul llango losidls in an miovon load anmiul 
(ho oiivumroronco and oaiisos a wido l«)loranco hand in olampinfi load. 

A siiinil'icam prohlom wi(h hoKod sys(on.s has boon (ho inhoroiX inaconaoios in iho 
conmnni moduuls loi pioloadinu hoKs. Tho usual mod.od <.r (orqiung wi(h (ho staiuhiul 
(oruuo wivnch is oonsidorod to ho only ahou( 5(K- aooi.ra(o booauso ol (no(i..n;d vanal.ons 
Crom unit to unit. This variation limits tho dosign holt load t«) tho ntininunn oxpo .lod vah.o 
and doos not pormit tho optimum utilization of tho holt ultnnato strongth. I ho losu.t is that 
11,0 couiiiuv. roquiros lliiokor llaLfos. larpor bolls. a„cl moro bolls tban r a moro aoouralo 
proload method wore usod. Boeauso of tho high prossuros roquirod on (ho SSM •, huge. l.oa\\ 
couplings wore roqinrod. and those couplings hecattie a significant weight prohlom. As noted, 
tho coupling design was changed as shown in figure Ih. In addition, the preload lor the 
SSMLi coupling holts is determined by measuring bolt-length change with an ultiasonu 
device A Iransducer mounted on the boll head sends a sound pulse down the length ol the 
bolt Tho wave rellects from tho end of tho bolt back to the transducer. 1 he time span tor 
the wive to traverse the length of the bolt and return is determined. The instrument is 
calibrated to read changes in length as a function of time. The method, however, involves 
more than bolt-length change, since material density duo to strain, bolt bonding, and tssist 
also affect the ultrasonie-wave travel through tho bolt material. With the use ot ultrasonics, 
tho coupling-bolt-preload errors have been reduced to approximately 10'.. permitting 
greater utilization of bolt ultimate sfongth. The use of this method .X preloadmg bolts 
combined with high-strength material and improved seal and coupling dosign has resulted m 
a smaller, lighter coupling for the SSMI than was used on the Saturn (tig. IM. 


2.2.2A LEAKAGE MONITORING 

A requirement for monitoring coupling leakage was implomontod early on the Saturn 
nrogram. so that coupling leakage could be monitored on bench, subsystem, static engine 
firing tests and. if desired, even on critical couplings in llight. Leakage monitoiing was 
provided bv incorporating a low-pressure secondary seal concontnc with the priinary sea 
and a bleeJioff passage in one of the mating llanges between the two seals Ihe 
seal provides sufficient resistance to leakage past the primarv. seal to torce tlow out thio ugh 
the bleed passage and an attached llowmeter. These (low passages may also be uscc to 
collect leakage past the seal, so that combustible lluids may be separated and directed to a 
suitable venting area, figure 17 shows typical monitoring provisions lor couplings. 

Desiun penalties are incurred in providing leakage-monitoring capability. Ihe coupling 
diameter must be increased to permit incorporating a secondary seal inside the Ivdt uuk . 
This change increases the pressure separating load, which in turn requires larger bolts and 
results in increased weight. Monitoring provisions in general have utilized a boss uniplmg. 
which requires an increase in llange thickness on some of the thin flanges. In some instances, 
the seals overlap the llange monitoring hole; t*' prevent this condition, a 
tolerance-accumulation study is perforined. 
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Figure 17. ~ Provisions for monitoring leakage at a coupling. 


On tlio J-2S oniiino program, allompls woro nutilo lo minimi/o iIk* iiuivascil llango weight 
required by leakage monitoring. I he objeetive waN aehieved by ineorporating mv»nitoring 
provisions in tlie seal and by replaeing the large boss witlt a small-diameter tube dig. Is*. 
Use of the small-diameter tube in the seal provides a immiloring e:pability that ean be 
readily deleted trom the design alter the eoupling eontlgurations have been verilied. I his 
feature results in a less expensive eomponent. Relerenees 27 through .^0 provide 
information on leakage-monitoring teehniques and leakage-monitoring data from test 
programs eondueted on the F-1 and .1-2 roeket engines. 

2.3 FITTINGS 

I'ittings are deviees used to ehange Ilow area or direetion while eonneeting two or more 
straight elemeiils in a tubing, line, or dueting assembh ; these .ire the I s. I \. ^ ‘s. ete.. used 
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Figure 18. - Lightweight leakage-monitoring provisions. 


tc route llukls to require..! areas. Fittings also i.ielude the llow-eoutro! devices (e.g.. 
How straighteneru) installed inside line or duct assemblies. Standard commercialK available 
rttings or standard tube fittings are not discussed in detail because design inlormation is 
.eadily available in supplier's handbooks and catalogs. These fittings usually are specilied as 

originally designed. 

2.3.1 Configuration Design 


2.3.1. 1 TUBE FITTINGS 

( onduits or lines less than l';-in. in diameter generally are referred to as tubes or tubing, 
l ube fittings used in recent rocket propulsion systems are designed mostly lor simplicity in 
routing of the tubes, and to a lesser degree for ease of manufacturing the littmg. I low 
efficiencv of the fitting itself seldom is a ..onsideralion unless pressure loss ol the entire 
tubing system is excessive. The most successful ipproach to tube littmg design has been 
mili/ation of a one-piece fitting machined from a bar or a lorgmg. I his design 
chaivcl .'ristically has cylindricai projections machined to the si/e ol the tube outside 
diameter through which are bored holes equal in si/e to the tube inside diameter. The tubes 




I 

I 


I 


i 


aro wvlili’il In stiih*) wilh a lailioi'rapliic.illy ins|H-clalik' Itiill wflcl. Ilu' inlenial How 
passani,^ llu'i) .(IV IIk* inU'iHMions ol' iliilloil holes ihal (.oniu’cl llic liihes alony a lallier 
lorliioiis How palh. Tills lype of I'illiiip has obvious ailvaiilapes of eompactiiess. slrucliual 
ailci|iiaey. ami leak lifthtiiess, Oflen mouiiliny hiy.s are proviileil in the one-pieee 
eoiisliuelion ol’ llu' filling! lor Mipporlin>r llu‘ Inhes on Ihe enyine sirneliire. 1 his prailiee 
provides inounlinij ri)hilily nneipialeil hy i.iosl elainpinp, meihods. 

I ill inf’s are used in plaee of simple liihe heads only where Ihe roulin}* requires a bend raiiius 
sharper than that available by lube beiuliiif! leehnuiues. l illinfis are also required when more 
Ilian two lubes are eonneeled. Simple tube Iransilions between two lubes of differeni 
diameters have been accomplished with one-piece machined filtinjjs as previously described, 
but have been made by oilier means such as swaginp Ihe larger tube diameter to meet the 
smaller in a butt-welded joint. Sometimes an area transition is made abruptly at a Hanged 
interface. 


Fittings designed for low pressure drop are more costly to manufacture than those that 
simply intersect cylindrical passages. These fittings typically are made in more than one 
piece and require internal machining to smooth the passages fora more desirable How path. 
One example of this type of fitting is in the J-2S heat exchanger where a cross fitting is 
made in an “11” pattern to connect one small tube efficiently with three larger tubes. One 
problem discovered in this application was that the orificing from weld dropthrough at the 
tube joints added signilicant. unnecessary pressure loss. This condition was corrected by 
improving the welding technique to eliminate dropthrough during welding. Low pressure 
loss usually necessitates close concentricity at the tube joint; otherwise, a change in How 
area and direction occurs abruptly at the mismatch and causes unnecessary pressure loss. 

HIbow tube fittings are designed for low pressure loss by specifying proper geometric 
configurations (bend radius) where space permits. References dl and 32 present data of the 
type used for optimum sizing of elbows. 

Where tubes arc required to tap How from high-velocity ducts at low pressure loss, special 
takeoff tlttings have been designed to protrude upstream into die main How of the duct, 
riiis design allows fluid to enter the tapoff tube at the main How total pressure and take an 
optimized turning loss to the duct wall. Typical applications of these taps are propellant 
supply lines for gas generators or other secondary combustors where it is desirable to inject 
propellants at a pressure as close to tiie pump discharge pressure as possible. 

I’luid traps in internal How passages of fittings can collect cleaning fluids that can promote 
corrosion, laitrappcd impuriiies. chemically incompatible with oxidizers, have Laused 
violent reacti’.)n or explosion when contacting oxidizer during fiPing or engine operation. 
I rapped toxic propellants have vaporized after engine shutoif and caused Innlily harm to 
personnel working in tlic area. Fittings designed for self-draining solve these problems. 
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2.3.1.2 DUCT FITTINGS 
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Hltings used in rocket engine duets (conduits larger than I '/a in. in diameter and currently 
up to 3.S-in. diam.) usually are given more consideration for minimizing pressure loss than is 
given to tuhe llttings. In pump inlet and discharge ducts or turbine drive gas duets, pressure 
losses reduce engine performance, whereas pressure losses in small tubing usually do not 
affect engine performanee to any measurable degree. 

Five fundamental rules for avoiding excessive pressure loss in a duel are followed: (1) 
maintain a constant How area. (2) use smooth llow surfaces. (.1) utilize a minimum length 
duct. (4) keep How directional changes to a minimum, and (.S) make area and directional 
changes as gradual as possible. In addition, the overall duct assembly is designed to minimize 
length and directional and area changes. 1 he same rules apply to the detail design of the 
fittings themselves. 

A common method for designing a duct fitting is to call for the fitting to be made from two 
or more formed sheet metal pieces joined by butt welding. This approach allows 
considerable flexibility in design of the flow paths within the limits of formability. as long 
as at least one plane of symmetry in which to make a weld seam exists. If no wrinkling 
occurs during torming, the sheet metal surfaces as formed are of acceptable smoothness, and 
flow paths can be optimized to satisfy the other rules for minimizing pressure loss. 

The mo..l common fitting is the radiused elbow. Space permitting, it can be designed to be a 
low-pressure-loss fitting with proper geometry (refs. 31 and 32); however, space limitations 
often do not permit such optimization, llxpanding and reducing elbows have been built for 
several engines, and even a cast elbow, with one bend followed by a “'S’" Juncture into two 
vaned bends, has been used successfully for the fuel pump inlet on the F-1 engine. Vaned 
elbows have been successfully used on the Titan III propulsion system. *‘T" and "Y" fitting:^ 
have been built in many sizes and shapes, as have constant-flow -velocity manifolds for 
providing even flow distribution circumferentially around a thrust chamber. Pressure-loss 
data for “T" fittings are given in reference 33. 

Ducting runs are sized as much as possible lor constant area, and transition reciuirements are 
minimized to minimize pressure drop. Available space frequently limits area transitions to 
abrupt conical or bell-moiithed transitions. References .14 and .15 contain data pertinent to 
diffuser design showing the necessity of small di' crgence angles (approximately 10“ total 
angle) lot best efficiency ; howev^. r, a small angle normally requires a cumbersome transition 
too long for rocket engine use unless the area change is very small. However, even where it is 
necessary to make a short, abrupt transitio:i in line area, the advantages of a diffu.>erare not 
to be disregarded. For very short transitions, the optimum divergence angle is quite small 
and even a short diffuser can greatly improve pressure recovery if properly designed. 1 he 
optinuun length-Iiniitei,l diffuser of area ratio 4.0 has a hah angle of approximately 4” and is 
appioximately 7 thia>at diameters in length, for purposes of standardization. 4“ is p ret erred 
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for all Icngtlis. An L/d of 1.0 is a minimum and an L/d up to 7.0 is desirable: diffusereof 
larpr ratios are not benellcial. Detailed design information on diffusers can be found in 
reference 36. 


Problems associated with duct fittings other than that of meeting pressure-loss expectations 
are largely structural. Proper aligning of material at weld joints is a problem that generally is 
solved with adequate fixturing during welding. Instrumentation bosses welded to duct 
fittings, unless properly designed, can crack at welds or provide cleaning-residue traps that 
later contaminate the system. Weld or material cracking is likely to occur at a sharp change 
in duct wall thickness (e.g., at instrumentation bosses or mounting lugs), in hot-gas ducting, 
and to a lesser degree in cryogenic ducting. Load-spreading doublers or skirts can be used on 
heavy fittings of thin-wall ducts or vacuum jackets to avoid cracking by vibration. 

One problem with duct fittings often overlooked is their effect on downstream components. 
Bellows failures have been traced to high-velocity fluid in skewed velocity profile coming 
out of an elbow immediately upstream of the bellows. Turning vanes in the elbow (sec. 
-.3.2.1 ) have been used successfully to even out the velocity distribution and eliminate the 
destructive high local velocities. Flow-induced resonance of bellows (leading to failure) is 
treated in reference 19. 

A fitting with another fitting closely coupled to it can have pressure-loss characteristics 
grossly different from those it exhibits by itself with long straight entrance and exit rims. 
This phenomenon often leads to erroneous pressure loss predictions when the individual 
losses of close-coupled fittings in a train are summed in the calculations. Tliis problem is 
minimized by performing pressure-loss flow tests on the complete duct assembly. 


2.3.1.3 VACUUM-JACKETED FITTINGS 

Insulated lines are used extensively in rocket propulsion systems. The majority of these lines 
are insulated by an external covering; i.e., the lines are nonvacuum type. The attachment of 
external insulation has little or no influence on the detail design of the line itself or its 
fittings, unless support bracketry must be provided on the line to hold the insulation in 
place. Vacuum-jacketed lines, however, do require consideration of fittings in the design of 
the line. 


The qualities of a successful fitting design for a vacuum-jacketed line are the same as for the 
other elements of the vacuum-jacketed line. These are leak tigiitness. adequate structural 
support of jacket around the pressure carrier, minimum heat-conduction paths from jacket 
fo carrier, minimum radiation heat-transfer capabilities from jacket to carrier, and 
cleanliness of vacuum-side surfaces. 


Leak tightness is achieved through all-welded construction with materials of high corrosion 
resistance, and leakage is verified by mass spectrometer leak test, (’orrosion is one of the 
major causes of leakage in lines of all types. Cleanliness of the material surfaces is important 
in reducing corrosion that can cause leak paths through the walls. Configuration features 
that trap fiuids (cleaning solvents or operational moisture condensation) are nearly always 
the most severely corroded. Lxamples of such features are doublers, lap joints, brackets, or 
other protrusions with an undrained cup-like shape. These features therefore are avoided 
whenever possible. 

Reference 37 contains useful information for design of vacuum-jacketed lines and means for 
estimating their possible heat-leakage rates. Many specific details of successful designs are 
presented in this reference, but it must be noted that the ruggedness required for rocket 
propulsion system use was not an objective of these designs. The subject of vacuum-jacketed 
lines for rockets is presented in more detail in reference 19. 


2.3.1. 4 FLOW-CONTROL DEVICES 


2.3.1.4.1 Turning Vanes 

In most of the ducting for liquid propellant rocket systems, the use of turns (elbows) is 
unavoidable: and since the space available for the duct assembly is limited, it is not always 
possible to use elbows of the radius-to-diameter ratio that is optimum for minimum pressure 
loss. Since the geometry of these elbows has a considerable effect on the overall pre<;';ure 
drop of a duct assembly, it becomes necessary to utilize every known design technique to 
evolve the most efficient configuration. Where a sharp turning elbow is necessary, turning 
vanes are very effective in minimizing pressure loss. The turning or guide vanes in effect 
break the elbow up into smaller elbows with more favorable radius-to-diameter ratios than 
the entire elbow. 

The pressure-loss coefficient for a mitered 90° elbow is reduced by 80 percent or more by 
the addition of a cascade of vanes (ref. 38). A (i5 percent reduction of pressure-loss 
coefficient has been achieved by adding splitter-type (concentric) vanes to curved elbows 
( rel . 39 ). The subject of turning vanes is presented in more detail in reference 1 9. 


2.3.1. 4.2 Flow Straighteners 

Flow straighteners have had rather limited application in rocket propulsion systems. The 
primary purpose of a flow straightener is to produce a uniformly distributed nonrotating 
How in a duct. This type of How sometimes is desirable in order to make an accurate 
pressure measurement, lower the pressure loss in fittings downstream, or evenly distribute 
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2.4 FIXED JOINTS 

bonding, soldering, and interference fit. weiaing, orazing, diffusion 


2.4.1 Welded Joints 

combination, the most freqnent being fiilet anTs“er,r;' I ” 


35 



iA 

0> 0^ 

> o 

0) > 

— o> 

i/t u 

o 

w »— 
fD <D 
I- c 
(D W 

a 0) 

0> 4-» 
iA X 
0) 
X 

4-* -O 

— c 

Z n> 

0) — 

> nj 

0) c 

V u 
^ 0) 
iA 4-» 

V c 

4-» *• 

0) 


0 

-Q 

o a> 

S .E 

J 

e ^ 

<2^ 



figure 19. — Types of welded joints used in fluid systems. 
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installation and permits the use of a fixed joint in lieu of a coupling. Sleeve welds arc used 
to Join thin-wall tubing where the sleeve must be added to achieve the thickness for practical 
welding. The disadvantages of ihe sleeve weld are as follows: 

(1) Unless all crevices can be eliminated by design, as in figure 19(f), the resulting 
built-in crack will act as a stress raiser and result in lower fatigue life. 

(2) The longitudinal forces in the tube will load the weld in shear. 

(3) Unless all crevices can be eliminated by design, as in figure 19(0. the resulting 
crevices provide a collector for contaminants and corrosive materials. 

(4) The radiographic inspection of the weld is relatively difficult. 

In the F-1 engine, the combination fillet/sleeve weld (fig. 19(d)) was used for line sizes of 
1-in. diameter or less. In the J-2,engine the sleeve weld with separate sleeve (fig. 19(e)) was 
predominant; in some instances, the combination fillct/sleeve with separate sleeve (fig. 
19(0) was used for lines 1-in. in diameter or less. When the B-nut type of tube joint was 
used (for instrumentation lines), machined-sleeve tube stubs were attached to tubing 
assemblies with the welded-sleeve design of figure 19(e). 

Weld joints are located in areas free from vibration when possible: in particular, locations 
with vibrations normal to the tube axis are avoided. Clearance around the exterior of the 
joint is provided for the in-place welding equipment. The number of joints is kept to a 
minimum consistent with overall system requirements. Additional information on weld joint 
design may be found in references 40 and 41. 


2.4.1.1 WELDING METHODS 

Inert-gas tungsten-arc (GTA) welding is the most widely used joining method. Electron-beam 
(EB) and inert-gas metal-arc (GM A) welding also are used when the unique characteristics of 
these welding methods are required. Resistance seam welding was employed on the Atlas 
and Thor engines. However, use of this method of joining (.unontly is limited because of the 
close tolerance required on component parts, and c uu. unfused seam remaining in 

the completed joint causes stress risers and provides cavities for contamination. Individual 
components must be designed to achieve a tight or even interference fit; otherwise unwelded 
areas, which become leak paths, will occur in the completed joint. Even if a leak-free joint is 
made, the crack-like seam of the unfused area in the joint ( 1 ) is subject to both stress 
corrosion and crevice corrosion, (2) presents a system contamination problem because it 
cannot be cleaned throroughly, and (3) is subject to fatigue failure from vibration. 
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The chief attributes of GTA welding are as follows: 

• Can be utilized with most weld-joint designs 

• Capable of joining all tubular components in a propellant system with the 
exception of tubes with walls less than 0.020-in. in thickness 

• Adaptable to manual or automatic welding equipment 

• Adaptable to shop or field use 

• Capable of joining some dissimilar metal combinations with the use of proper 
filler wire addition 

• Capable of joining components of almost any size in a propellant system (not 
always practical) 

• Capable of joining all materials classified as weldable. 

The flexibility of GTA welding is best exemplified by its use for the tube joints of both the 
F-1 and J-2 engines (sec. 2.4.1). 

Electron-beam welding generally is used to join materials where a narrow weld bead or 
minimum heat input to the part is required. Because of vacuum-chamber requirements. EB 
welding is confined to shop operation, and the size of parts that can be joined is limited by 
the vacuum chamber available. Electron-beam welding can be controlled manually, but more 
often is automated, at least to the extent of movement of the joint with respect to the 
electron beam. Completely automatic welds are also made. Electron-beam welding generally 
is accomplished without the use of filler material, and is limited to butt or sleeve-type 
tubular joints. Because of the resulting desirable narrow weld bead produced by EB welding, 
component parts are designed with tighter tolerances than those required of a similar GTA 
weld joint (ref. 42). Electron-beam weld joints are designed to contain rootside weld spatter, 
or are designed to allow removal of weld spatter after completion of the weld. 

Electron-beam welding was used on the pump-discharge ducts on the F-1 engine to attach 
the coupling flanges and the internal linkage tying across the bellows to the duct wall. Since 
these ducts were large in diameter (9-in. ID) and heavy in construction, EB welding provided 
a minimum heat-input method for welding that kept warpage and distortion within tolerable 
limits. 

Inert-gas metal-arc welding is used to join heavy sections when it is desirable to minimize the 
number of weld passes needed to complete the joint. This weld technique is adaptable to 
both shop and field use. The process is also adaptable to manual or automatic welding. By 
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its very njturc, GMA welding is always a filler-type weld. Beeause tlie process is used largely 
on the thick wall sections, joint design requires preparation for acceptance ofliller material 
(e.g., a “V” or *‘U" groove). Joint tolerance is similar to that required for a (JTA weld Joint. 
The bolted couplings of the pump discharge ducts for the Atlas, Thor, H-l, I--I, and J-2 
engines are butt welded to their respective duct assemblies with the GMA method. 


2.4.1. 2 PROBLEM AREAS 

In-service failures with the F-l tube sleeve-weld configuration developed in the form of 
fatigue cracks in the heat-affected zone (HAZ) of the weld. Cause was considered to be the 
high vibration environment. Fatigue failure has also been attributed to partial-penetration 
welds. Addition of the fillet weld to the Joint for increased fatigue strength and vibration 
damping clamps on the tubing, located to reduce amplitudes, resolved this problem. The 
improved design was evaluated througli extensive laboratory testing (ref. 41) and research 
and development engine testing. 

In-service leaks in the weld area occurred with the J-2 sleeve-weld design. Examination 
indicated that weld oxidation porosity in the weld root and adjacent to the weld on the 
inside of the tubular Joint permitted leakage. The solution to this problem was the careful 
application of backup purge gas during the welding operation. Use of a gas sniffer to sample 
purge gas purity during welding proved very successful. The proper application of backup 
purge gas to accommodate manufacturing of the part must be considered during initial 
design. 

Crevice contamination was a contributing factor in some of the fatigue failures of weld 
Joints on early F-I engines. The sleeve-joint crevice harbored corrosive contaminants that led 
to fatigue failures in the tube heat-affected zone. The addition of fillet welds eliminated the 
external crevices and strengthened the Joint. 

In the F-I engine program, adverse tolerance stackup on the automatic-weld Joints presented 
processing problems. Without controlled Joint dimensions, inconsistent weld quality resulted 
from diametrical mismatch, abnormal surfaces, or eccentric fits between a sleeve and 
inserted component. The allowance on dimensional variation was determined by testing 
sample welds that were made with production equipment. After welds that satisfied the 
design requirement were made, the allowable tolerances were determined. 

Another design problem that contributed to weld-joint inadequacy in the F-I engine was 
nonunitormity of wall thickness at the Joint. This nonuniformity created poor heat 
distribution during welding and resulted in partial penetration of the weld. This problem 
was overcome by designing uniform mating walls and using special heat-sink adapters where 
required for the GTA method. 
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(’leanlincss ol’ welded surfaces is necessary for complete penetration. Removal of foreijin 
matter (e.g.. cutting oil. grease) or metal burrs and chips prior to welding is made mandatory 
by procedures included in the drawing specifications. 


2.4.1. 3 WELD REPAIR 

Weld repair of a discrepant joint involves cither complete restoration of the component 
parts and rejoining by the same method used for the original joint, or a local repair. Little or 
no ditticulty can be expected with the part-restoration-and-reweld procedure, However, a 
localized repair causes (I) an enlarged heat-affected zone that may not be tolerated by the 
joint design, (2) an increase in weld dropthrough that may greatly restrict propellant flow. 
(3) localized distortion that may result in suttlcient residual stress to affect joint integrity 
adversely, and (4) aggravation of a crack-sensitive joint. To avoid the problems with local 
repairs, the component usually is restored and rejoined. 


2.4.2 Brazed Joints 

Brazing is a thermal process of joining metal parts by dit fusion bonding with a metal tiller 
that has a flow point over SOO^’F but less than the melting point of the parts to be joined. 
Brazing generally is used when welding is not desirable or practical or when minimum 
distortion or minimum residual stress is required. Brazed joints are an acceptable method for 
making fixed joints in many propellant systems: for example, in the Apollo spacecraft, over 
770 brazed joints were used on the various fluid systems (ref. 18). The basic design 
requirements for brazed joints are documented in references 9 and 43. 

The required brazed-joint meehanical properties and environmental- and 
propellant-compatibility characteristics determine the braze alloy and the method of 
brazing. A brazed joint can be made so that it will not contribute to system contamination. 
Components with considerably different wall thicknesses can be joined by brazing, an 
advantage over welding. 


Three different brazing methods are in use: (I ) furnace brazing. (2) induction brazing, and 
(3) dip brazing. Most materials suitable for a propellant system can be joined by either of 
the first two methods, which are the preferred brazing methods. To protect the metal from 
oxidation during the braze cycle, furnace brazing is done either in vacuum or in a hydrogen 
atmosphere. Similarly, in induction brazing, an argon shield is used on both the inside and 
the outside of the joint. Furnace and dip brazing are shop operations only: inductiim 
brazing may be either a shop or field operation. 

Dip brazing is the only suitable method for making a brazed aluminum joint. I he salt batli 
used in the dip-braze process controls oxidation of aluminum joints during brazing, fhe 
sizes of the parts being brazed are limited also by the availability of large salt baths. 
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ex l' ° required volume of braze alloy. Then samples of ioints with 

extremedolerance parts are testeHl destrueTw^ design. Nondestructive tests 

Stm f . are performed on production joints to verify joint integrity. 

ee an efteetive brazed joint cannot be obtained unless parts are adequately cleaned the 
nondestructive test provides a continuous method for verifying the cleaning prLss. 

Unlike welded joints, repair of a brazed joint usually is not a difficult operation unless the 
joint becomes contaminated by foreign matter, (ienerally. preplacement of additional braze 

^ ?rt hv ‘‘"■P""' " ^’'■a'^^^d joint. If necessary, the ioint can be taken 

apart by leheating: however, temperatures higher than the braze temperature usually are 
required or taking the joint apart. The increase is due to the loss of one or more elements 
ol the alloy by dll tusion into the base metal or by boiling off: either loss increases the 
melting point ol the brazing material. This problem is solved by changing the braze alloy or 

by cutfing out the tube section with the joint and replacing the tube section with new 
oruzou joints* 


2.4.3 Diffusion-Bonded Joints 

Diffusion bonding is a unique method for joining some widely differing metals ,.y the use of 
eontrolled temperature and pressure. To date, the only widely accepted joint produced by 
this technique is a tilanium-to-stainless-steel tubular transition section. Other material 
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eomhiluiliuns have hccii joined; however, ihey have not been used hi a roekel propulsion 
syslem. The titaninm-lo-stainless-steel luhular Iransilion joinls were developed lo provide a 
lixed ioiiU helween litaniinn propellant tanks and stainless steel lines in the MOl . ( lemini. 
Apollo, and Surveyor programs. Materials eommonly dilTusion bonded are Ti-5 AI-2.5Sn or 
ri-bAI-4V alloys with d04L. .^21, and .<47 stainless steel. All titanium alloy-to-slainless 
steel eombinations have been used successl'ully. 

Beeause of limited use. dilTusion-bonded transition joints have been developed by only a 
lew suppliers, and the technitpies and eonlrr)ls used in t'ubricution are prirprietary. Some 
items involving tube-to-litting joints have been made: however, in-line tubular sections 
provide the major use. Joint diameters range up to (> in. with any wall thickness. Tubing 
lengths on each side of the joint are governed by the tube outer diameter; the larger the 
diameter, tire shorter the tube length. 

In use, the titanium end of the transition joint is welded to the titanium tank during tank 
tabrication. At a later stage ol system fabrication, the stainless steel end of the transition 
joint is welded or bra/ed to the stainless steel propellant line. Therefore, while not a shop- 
or field-producible item itself, the diffusion-bonded transition joint does permit shop or 
field installation of the propellant tank. The main problem with the diffusion-bonded joint 
is that of locating the boivl line between the two materials. However, careful inspection will 
reveal a slight color variation between the two materials, thereby indicating the bond line. 
Location ol the bond line is necessary to ensure that subsequent joining operations do not 
exceed the temperature limitation of the joint. Diffusion bonding of dissimilar metal 
combinations other than titanium and stainless steel have not been developed for rocket 
engine propulsion systems because they provide little or no advantage over other type.s of 
joints. 


2.4.4 Soldered Joints 

Soldered joints have been successful in low-pressure applications. For example, 
approximately 150 of the more than 1500 plumbing joints on the Apollo spaeecraft were 
soldered aluminum joints. The basic design incorporated sleeves with two grooves into 
which the rosin-core solder was preplaced. The aluminum lube ends we.e vapor honed and 
caustic etched prior to plating with nickel and tin. It was also necessary lo preplate the 
inside surtaee ol the sleeve before placing the solder. The joint was made by heating the 
assembly with either an induetion tool ora standard resistance-healing gun. 


.Soldered joints are light, require simple heating tools, can be assembled in a minimum 
envelope, do not need inert-gas shielding, and are readily made on in-place hardware. 
However, solder will often How into the How passage of smalkliameter tubing, creating a 
.signiticant How restriction This problem was solved on the Apollo spacecraft by 
incorporating an interference-fit Tetlon sleeve. This sleeve was placed inside the tube anil 


prfvvnicd solilcr or corrosive lliix I'riMn eiUerinfj the line. Solder li;is low i reep slien(jili .uul 
low ellieieney lor carrying axial l«nuls. I’reloadin^ a soldereil joint by litihlenint! ailjacenl 
H-nnis after solderin)? was avoidetl on the Apollo spaceerafl by tij’litenini’ all mils before a 
joint was soldered. 

2.4.5 Interference- Fit Joints 

Interference-fit joints without the use of some other joining method are not used in 
propellant systems but are used oeeasionully in pneumatic and hydraulic systems. I his type 
of joint is attractive because of the apparent cost saving over other fixed joints. However, 
attempts at labricating a leak-free interference-nt joint Ibr propellant systems have generally 
met with failure. 


2.5 SEALS 

I wo types of seals are discussed herein: static seals, and rotating and sliding dynamic seals. 
High-speed-shaft seals required in turbomachinery, valve closures that must move off and 
onto a seal, or hermetic seals such as diaphragms and bellows are treated in references I . (>. 
and 45. The basic design principles for static and dynamic seals are chKumented in 
references d and 10. 

Static seals are u!ili/ed chielly at the interfaces of interconnected engine components: they 
are also used at the interfaces of detail parts or subassemblies within a large, major engine 
assembly such as a turbopump or a thrust chamber. Dynamic seals, as defined herein, are 
used at the moving interfaces of mechanical components such as reciprocating and rotating 
shafts and piston-cylinder applications. 

/\ designer, laced with selection of a static or dynamic seal for a given application. i;uist lirst 
establish the design requirements, vi/.. sea! size, weight limits. Iluid to be sealed, operational 
pressure and temperature, thermal gradients, permissible leakage rates, duty cycle, 
operational loads imposed by vibration, pressure surges, and seal life. Once the iei|uirements 
are established, he screens the various seal concepts available for tlmse that may be capable 
of meeting the requirements or he may even evtvive a new concept. Ti.ideoff studies on 
performance, cost, availability, maintainability, and other factors are then made to select 
the optimum design. 


2.5.1 Static-Seal Configuration 

Static seals are devices used to limit or control leakage of fluid in a >eparable connector in 
which there is no relative motion of the mating surfaces other than that induced by changes 


in IIk* (>|vr:ilinn cnvironmcnl. TIk* pivsoni h:lsi^ lor MavcNsliil s'iHk-mmI ili-sj>>ii js a compk-io 
an;ilysis ol llu- kakauc iviiiiircinfiil aiul llu* inU'nralion ol llu’ saal into ilio loiiplm^., | lus 
analysis lakes inl(» c«»nsidoral U»n the lliiid. einironmenis, loarls. and llie seal leipiiivinenls 
imposed on llie eouplinn ‘los4».n. Sealinii is aeeomplisheil hy aeliie\in>.' aiul niaimaininf a 
eonlinons harrier apainsi the Iransfer «)l tinid helween the seal elemeni ami llie inalin>’ 
eoiiplin;: siirliiees. In Ms'ns’ral. lids Huid harrier oeeiirs when the plaslie How al the sealinj' 
inlerl'aee is siiHieieiU to I'ill all the voitls; the seal is elH riive as lonj: as this interlace is not 
ilistiirhed. An elYeeiive sealin.e harrier ean also he achieved without a yasket hetween metal 
llaiijies with very Hat and very smooth surlaces (rel. 4(>). Sealing is accomplished within the 
elastic limits of the llaniic material: however, the suilace I'inishcs retpiired are dilTicult to 
obtain and are very sensitive to dainape. 

I he wide lariety of static-sea! conf1>!urations that has heen used in rocket enuines and 
vehicles ean he grouped into five basic descriptive categories: gaskets, pressure-assisted seals, 
plastic spring-loaded seals, radial or toggle seals, and metallic boss seals (table I*). The 
userulness of any seal conllguration is enhanced considerably hy the kind of coating or 
plating applied to it: a summary of basic eharaeteristies of seai coatings and platings is 
presented in table II*. 


The gasket types were adapted from eommereial applications and used in the earliest rocket 
engine designs. I hough unsophisticated and requiring brute I'oree hy means of holts and 
tlanges to maintain a seal, they served the purpose of restricting leakage sufficiently t<' 
permit eoneentration on the development of major engine components. All-metal gaskets 
were used for cryogenic and high-temperature applications, while elastomeric O-rings. 
developed during World War II. were used in limited-temperature-range applications. 

The pressure-assisted types, although having some commercial heritage, were basically a 
product of the space age. By their nature, they did not require the brute-force axial loads to 
effect a seal: thus flightweight tlanges could delleet under pressure but would not leak 
because the pressure-assisted seal was able to follow the delleetion. I bis type of seal is 
predominant in high-pressure applications in current propulsion systems. 

The plastic spring-loaded seals employed lluoroearhon plasties (e.g.. I'eflon. Mylar, and 
Kel-l ) that were suitable for use at cryogenic temperature to act as a soft, cimforming 
interface with the hard-surface metallic tlanges. (old Ilow of the plastic into flange 
asperities was proiluced by use ol an integral met.diic spring. This t\ pe ol '•cal when used al 
cryogenic temperature is limited to low-pressure (up to >{)() psi) operation because of the 
low lu'op strength ol the plastic materials at crv’ogenic temperature. 

I he radial or toggle seals elfeci a seal hy imposing localized, high-unil-pressure loading 
against the mating tlanges. I'he sealing tip of the seal acUialK is yieldeil hy the harder 
surlaee ot the mating llange. Although these seals require a higher axial loail than the 
pressure-assisted seals, they also have good ability to follow llange delleetion. 
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eomhmalion ol metals ami nonmetals, te.-.. Teflon eoaliim on stainless steel). These seal 
eon ijiiirations can seal eryoMenic lluids. hot ^ases. and lluids tliat are not eompatible with 

inntcd only by the tooling and machnnng capability to fabricate tl:e seals and related flange 


2.5.1. 1 GASKETS 


2.5.1. 1.1 Elastomeric 0-Rings 

h.lastomeric t)-rings are made from natural or synthetic rubber and are used exiensivelv in 
components, between components, and on standard bosses. Standard installations include 
laee seal, cncumlerential seal, and boss seal (fig. 20 ). The O-ring installations generallv are 
controlled by the requirements of the O-ring gland design spccitlcation (ref. AX) ami t'>e 



Figure 20. - Three types of O-ring statL' seals. 



Table I. — Chief Design Features of Commonly Used Static Seals 
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Table II. - Basic Characteristics of Materials Used as Platings 


I Status 


Plating 

Of 

Coating 


Teflon 

(FEP) 

Teflon 

(TI-I-) 


Aluminum 


Nickel 

tsoft) 

Platinum 


Tin 

(pure) 


or Coatings on Static Seals (adptd. from ref. 47) 


Useful 

Temperature 

Range, 


-452 to +300 
452 to +3500 
-452 to +1650 

452 to +400 
452 to +500 


32 ts. +350 


Hardness 


BrincU 
or as noted 

Rockwell 

Vickers 
41 to 220 


65 to 125 

2610 77 Rg 

Rockwell R 
80 to 85 

80 to 85 Rj^ 

400 to 800 

43 to 72 R^. 

50 to 150 


Shore D 
59 

55 R„ 

Shore D 
52 

Vickers I 

75 to 95 Rj 
^ 1% 


30 to 90 


Soft 


Remarks 


T“"’ to lluoriw 

and certam other corrosive chemicals. 

StaiUt to silver but somewhat be.tct resistance to cettain 
in e^ man“lilt;r’' ""t" •>“' "ilth--. 

Strailar to Tenon, but mote icstlieni and plastic at l,m 
temperatures: aencraUy hiphcr in cost than TcOon. 

hifh'r icmpcratutcs. 


higher in cost than either silver or gold. 

•’iph-temperatute uw 
l-old or Tenon, excellent chemical and radiation resistance. 

^IITrlo somewhat softer and denser; 


useful htph-temperatute limit lowet than that of Tellon tTM;).| 

l^scellent coatinp for applications up to tSOO'F; cxccUcnt 
WU«Uo'r'“"'' f»' "> nFentc 


Knuop 
280 to 290 


N(' 


Nr 


Compatible with most 

suttablc lor use with liuuid and yawou, nuorim^ houcw 

;ns^«..> d.tncu,t,andc.„tiy,t ,uahtv p^ 

smmhtf '"•«i«alc temperatures; 

suiubic for cryogenic applications. 

“trsr- 

Withstands higher temperatures than other platings- 




Used primarily as flash coating to prevent sticking 
W - no correlatton to Rockwell scales. 

TZM ■ «ti‘»lybUcnumalto> containing 0.5Ti-().()«Zr-0.3r. 
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handbooks of 0-ring suppliers (e.g,. refs. 49 and 50). 0-rings are used over a temperature 
range of -80" F to +450"F for long periods of time, and at higher temperatures for shorter 
periods of time; useful lifetimes at various temperatures are given in references 49 and 50. 
The initial seal is accomplished by compressing the elastomer to its installed position. The 
system pressure then compresses the elastomer so that it conforms completely to the flanges 
at the leak path. 0-rings can be used in a variety of configurations. The flange surfaces that 
contact the 0-ring are uncomplicated, with reasonably toleranced grooves that confine the 
0-ring in a compact area. 0-rings seal over a wide range of pressures (limited only by 
supporting structure) and provide high reliability at nominal expense. Problems associated 
with 0-rings include damage to the 0-ring during installation, improper squeeze, 
compression set, and 0-ring extrusion; leakage can result from each condition. 

Forcing an 0-ring over sharp corners or threads can result in pinching or, if the force is of 
sufficient magnitude, cutting the 0-ring. This damage can result in leakage and can also 
contaminate the system. The pinching condition is more severe if there is excessive 0-ring 
squeeze due to improper gland depth. However, if the squeeze is too low, leakage can result, 
because the load is lower than that required to establish an initial seal. These conditions are 
prevented by the use of proper hardware design to eliminate pinching and use of a squeeze 
range that has been proven successful. Figure 21 shows two common conditions that can 
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Figure 21. — Gland chamfer techniques to prevent 0-ring damage. 




cause pinching and the design approaches that lia\c eliminated the problem. I'he squeeze 
required to prevent damage while still preventing leakage ranges from 8 to 32'/^. depending 
on the 0-ring eross-seetional diameter, type of application (face or radial), and the coupling 
tolerances. The squeeze also is innueneed by the change in O-ring cross section due to 
temperature changes and installation stretch (ref. 49). Changes in O-ring cross section are 
considered when sizing the O-ring grooves for the squeeze required to prevent leakage. 
Squeeze requirements for standard O-ring sizes, installation contlgurations. and operating 
conditions are included in references 48 through 51. 

O-ring extrusion and subsequent nibbling of the elastomer occur when the clearance 
between the retaining members permits the elastomer to be forced into the clearance: and if 
the elastomer becomes trapped, it is nibbled or sheared off when the pressure deca\s. 
Extrusion is prevented by proper combinations of clearances and relatively hard elastomers. 
Figure 22 (ref. 49) illustrates the clearance, pressure, and hardness relations used to avoid 


Basis for curves: 

• No backup (anti-extrusion) 


• Total diametral clearance 
must include cylinder 
expansion due to pressure 

• 100 000 cycles at rate of 
150 per mmute from zero 
to indicated pressure 


EXTRUSION OCCURS 
ABOVE A GIVEN 
CURVE 


HARDNESS 
SHORfc A 


IwlAI UIAMIIRAL tllARANCi, IN 


Figure 22. - O-ring extrusion related to diametral clearance, fluid 
pressure, and O-ring hardness (ref, 49). 





extrusion in succcsstul designs. Cyclical deflections during operation and loss of elastomer 
hardness at high temperature arc also factors that must be used in conjunction with the 

relations shown iii figure 22. In .some instances, backup rings are used to reduce the 

clearance in circumferential 0-ring installations. To minimize the problem of installing the 

backup ring on the wrong side, backup rings are installed on each side of the 0-ring. 

Clearances due to operational deflections are reduced by using more rigid structures (e.g.. 
increased wall or flange thickness or increased bolting to reduce coupling deflections). 
Another method for reducing clearance on extreme-pressures applications( > 10 OOOpsi) is 
the use of a clearance-compensating device such as that discussed in reference 52. 


2.5.1.1.2 Molded-ln-Place Seals 

Molded-in-place seals generally are flat plates with elastomeric inserts molded into machined 
grooves (fig. 23). These seals function like O-rings. with the initial seal being made by 



\\ Figure 23. — Molded-in-place seal configuration. 


compression ol the elastomer and system pressure forcing tlie elastomer against the flange at 
the leak path; the seals are used in applications where the designer needs freedom from 
restrictions imposed by the circular O-ring. The retaining plate provides both the cavity for 
positioning the molded-in-place elastomer with respect to the llanges and the structural 
backup to prevent the seal from blowing out of the joint. The plate is part of the elastomer 
mold and is subjected tt> high temperatures and high forces while the elastomer is molded. 
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This condition adds some design requirements to the seal plate (e.g., the distance from the 

elastomer edge to the bolt holes must be sufficient to enable the plate to withstand forces 
imposed during molding). 


The advantages of the in-place seal are as follows: 


• The thickness of the metal plate controls the amount of squeeze on tlie 
elastomeric portions of the seal: this condition allows the use of fiat-faced fianges 
on both sides ot the seal, thus obviating the need for machining an 0-ring groove 
in one of the flanges with its attendant increased dimensional tolerance buildup 
and cost. 


® The in-place seal permits easy installation in large, heavy, and cumbersome 
hardware, since it can be installed laterally between two fianges with only enough 
clearance to slip the seal in and out. This feature also makes seal and component 
replacement easier in the field. 

The in-place seal was used successfully on the fuel system on the K-1 engine. The various 
configurations ot in-place seals used on the F-l include dual-elastomer inserts for leakage 
monitoring, m ncircular elastomer inserts, in-place seals with integral orifices, and 
multipressurize. areas. In one instance in the H-1 engine program, the web between the two 
elastomer inserts (fig. 23) buckled because of inadequate web thickness. At engine cutoff, 
the very rapid decrease in system pressure caused the flanges to be released from their 
deflected position, and the fluid was trapped in the void. The trapped fluid pressure was 
high enough to shear the web. Web weakness is avoided by conducting a stress analysis (at 
operating pressure), and then specifying the plate thickness and elastomer groove depth that 
ensure an adequate web thickness. 

Problems associated with molded-in-placc seals include extrusion on high-pressure systems, 
thiniting in branch and overlapping seals, and structural failures of the plate. Fxtrusion and 
subsequent nibbling of the elastomer insert is similar to that which occurs with O-rings. I bis 

damage is eliminated by increasing the coupling rigidity or reducing the rale of pressure 
decay. 

The branch and overlapping types of seals shown in figure 24 allow additional design 
possibilities in a single-seal unit that can save space and weight, and can permit a design that 
otherwise may not be accomplished. However, leaks have occurred because the system 
pressure was higher than the elastomer's supporting capability. I liis eapabilitv is limited in 
this application (in comparison with a single-pressure /one) because of the tendency lor the 
elastomer to move around the circumference of the groove and not in the normal radial 
direction (tig. 24). I he leakage can be eliminated only by reducing the system pressure to 
less than 1 50 psi or by eliminating the branch or overlap seal concept. 
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EUASTOMtR 
THINS OUT IN 
THIS AREA 


ELASTOMER 
THINS OUT INI 
THIS AREA 


(a) Branch 


(b) Over lapping 


Figure 24. - Thinning of branch and overlapping seals. 


2.5.1. 1.3 Metallic Gaskets 

A variety of metallic seals of the “brute-force" species can be used at both cryogenic aiid 
high-temperature conditions. In general, these seals require high seating loads and have very 
little capability for following Hange dctlection. 

^4etal 0-rings are used in some special couplings in rocket propulsion systems. 
where the flanges or mating surface are very rigid and are connected with ample bolt g. 
This type of seal will perform satisfactorily under these conditions and olteis the advantage 
I : Si c S s r.ion for where sp« Is limi.ea. They cen be Tellon eoa.ed lor use ,n 
cryogenic service or soft-metal plated for high -temperature or cryogenic usage. 

Soiral-wound gaskets consist of a V-shaped ribbon of stainless steel wrapped spirally with a 
s^^ft filler of dther asbestos or Teflon between the turns (fig. 25). This type ^ 

extensively in early engine designs for both cryogenic and high-temperature (up to >00^ ^ 
applications. Its chief drawbacks were the need for heavy, rigid flanges and high bol load, 
(on the order of 3000 to 4000 Ibf/circumferential inch). The high unit loads ol Ih*- 
r tol rlbb™, cuurwd marrinp of the matins Hanses and mdneed the PO»ib. h V ^ 
•ichieving a good seal when the joint was reassembled. This kind ol gasket is still ustd t d.y 
where laikage is tolerable, usually in isolated engine locations and in large diame.ers where 
they have a cost advantage over more sophisticated machined seals. 

The other metallic gaskets shown in table 1 require extremely heavy flanges and high axial 
kiading to effect a seal. As a result, they have found only limited use in rocket engiiKs. 
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Figure 25. — Spiral-wound gasket. 


2.5.1. 2 PRESSURE-ASSISTED SEALS 

Prcssure-ussisted souls were developed tor cryogenic systems to replace the troublesome 
spiral-wound gaskets and crush gaskets used on the Thor and Jupiter engines Later, as a 
result of success, the dedign concept was modified to seal hot gases. This type of seal was 
used extensively on the J-2 and F-1 engines. The media sealed were cryogenic lluids at 
temperatures as low as-423°F and pressures as high as 4000 psi. and hot gases up to 1400 !■ 
and pressures up to 1500 psi. These seals can seal effectively under less severe conditions, 
but they are more troublesome and more expensive than elastomeric seals. Therefore, they 
are not used when an elastomeric seal can meet the requirements. 

The seal cross sections for the different types of pressure-assisted seals range from a "C" 
shape where the cross section is round like an open O-ring to a "U” shape where the seal has 
two open legs that act as springs to load the seal: the sections are open to the tluid pressure 
(table 1). All these seals are spring loaded to effect a low-pressure seal: subsequent 
application of tluid pressure supplies an additional sealing force that compensates for the 
higher pressure trying to pass the seal. Seal detlections are limited by a built-in spacer plate 
or by installation of the seal in a controlled groove. Several seal configurations rely on tin- 
groove to firoviue additional radial strength in high-pressure applications: the additional 
strength permits the use of a small seal envelope. Most of the pressure-assisted seals are 
metal with soft platings or plastic coatings on the sealing surfaces. Figure IK shows typical 
installations of pressure-assisted seals. 

1 he problems with pressure-assisted seals usually are related to ( 1 1 obtaining the requited 
seal load at the llange contact surface and (2) providing seal resilience for following llange 
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dclloctions. Tlic seal contact load is related directly to the leg thickness and the amount ol 
dcHection and generally is selected to provide the required contact pressure without marring 
the contact surl'ace. A plastic coating or metal plating on the seal tha< Ilow plastically at 
a relatively low load can protect the contact surface. The resultui w-load seal is mt)ie 

resilient than a seal with a high contact load for a given envelope. Rt .mce also is increased 
by the use of a tapered leg, which is more flexible than a straight leg. vJn metal-plated seals, 
the plating is machined or buffed to provide a flat, smooth surface to improve conformance 
of the seal to the contact surface. If the seal configuration does not provide sufflcient 
resilience, then the mating contact surface is made rigid: however, increased rigidity results 
in a heavier coupling. 

Cryogenic seals generally are Teflon coated, but metal-plated seals also are used successfully. 
In some applications such as pressurization-line couplings, temperature ranges cover both 
cryogenic and high temperature: for these applications, metal platings are used. 

Metallic pressure-assisted seals are used extensively on the SSML. The fluids sealed are 
cryogenic fluids at temperatures as low as-423“l' and pressures to 9000 psi. and lu»t gases to 
1800°F and pressures to 6200 psi. The seals are constructed of Inconel-718 base material 
plated with silver or gold to provide a soft sealing material at the interface. Plastic eoatiiig 
could not be used on the sealing surfaces because the high pressures generated seal loads 
sufficiently high to cut through plastic sealing material. A groove-type rather than a 
spacer-type seal (fig. 18) is used to save weight and provide a smaller envelope. I his S.SMI. 
metallic pressure-assisted seal (fig. 16) has been tested up to 18 000 psi at -.^00" F. 


Reference presents a structural analysis of metal pressure-assisted seals, while references 
1 2 and .'id contain nomographs for use in design of pressure-as..isied seals 


2.5.1. 3 PLASTIC SPRING-LOADED SEALS 

Plastic spring-loaded seals were developed for liquid-oxygen service at approximately the 
same time and for the same reason that the metallic pressure-assisted seals vere being 
developed. The basic construction consists of a plastic (usually leflon) jacket over a 
metallic-spring core (table I). The spring provides both the force required to effect the initial 
seal at low pressure and the capability to compensate for dimensional changes resulting irom 
tolerance accumulations, thermal expansions and eontraetions. and cold flow of the plastic. 
These seals are pressure assisted, and thus the sealing load increases as the pressure is 
increased. 

The plastic spring-loaded seal has no (iperatiimal advantages over (he metallic 
pressure-actuated seal and at cryogenic temperatures has several disadvantages that lower 


SS—E5S-- 

Tcilo,‘ris UTv'hriuk'lw '^'"'P^T^Uk-s under pres,,, tired eonditi.nu, Tl,e 
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InstalUuioii problaiis with drcimiforcntial seals arise ehiellv IVoin stretehine of th • > i 


2.5.1. 4 radial OR TOGGLE SEALS 

E£ ^ 

Vanm.s eonl,i.un.tions of radial or toggle seals are shown in table I. ‘ 

One ,ype of ,ndi„l seal. ,l,e CnmH.al, ha. been used on a mnnher o, enuines ,el,i, les 

•g.. thk M-l engine. Iiian engines, and SIV' and .SIVH vvhielesi i » .. i . 

profudlants. storable propellants, and hot-gas lluids. Coupling si/es have raiw^HVlr.M,? I'Tm 
V eonneetois to an ,S7-,n. emipling that connected a nuclear engine ( M K\' \ i eMi um 
to an engine test stand. The other seal types tNuco. IT>bbin. (Ln.ah . Iholn !n Pib" 



Figure 26. ~ Radial or toggle seal. 


haw had limilod usajic up now. Iho Bobbin and (iamah seals wore developed lor tulve 
eouplings: however, beeause these seals have been developed recently, they haw had lew 
applications on rocket eniiines. Most ol the radial seals have been ilevelopeil b\ seal 
maiuiracturers who control the seal and the niatint* contact area. 

Problems with the radial seal involve indentinj* and marring ol mating coupling llanges. 
installation misalignment, and material thermal changes, leakage has also resulted Irom 
improper surface finish or coupling contact configuration (i.e.. ti>ol chatter marks, scralclics, 
and improper corner radii l. f or good sealing, a surface finish of 32 juin. w ithout chattel 
marks or imperleelions usually is specified. I'abricalion and inspection controNare uscil to 
verily that the surface conditions and ivduired llange dimensions are met. l ellon coating or 
solt-metal platings provide improved seal llaitge contact, which improves sealing. With 
Conoseals. marring of the llanges is minimi/ed by the use ol a seal ol the '.ame material or ol 
a softer material; e.g.. aluminum seals in aluminum llanges, or .UlO-series-sieel seals with .'2 1 
(’Rl-S or niekel-base alloy llanges. 

I xcessiw seal eoupling misalignment iveurred on large diameter ( • '»in.i. ( onose.il 
cvmplings tin the ,SI\ . the result being that the seal was lorcetl out ol the normal position 
during coupling assembly. I his problem was restilved by utili/ing a press-lit nng to rel.im 
the seal in the proper position aiul by using alignment tools timing the coupling assenil'h 



II lliinpvs wilh dilUM\‘iU n) i‘\p;msinn ;ii\‘ iiM’d in ;i fniiplinj*. i|u* m;,| 

iiislalhiiion is (losii'iu'd so ihal llic soal load is iiidvasi-d iiiuloi ilu> .>\Hviiu‘ lluTinal 
coiidilioii. lor osampk'. on an aliiminiiin skvl coiipliiij> somhmalion used in us.Mkniv 
M‘r\iiv. llio altimiiuiiii I'laiitv Is plaa-d on iIk* onlci sm laco of ilu* soal so Hut ii \\ ill slniiir. 
down li^hl on iho si,‘al al i.Txo^i’nic li'inpi'ralnivs, 

Hu- Kl 10 aifiiiK' progratn has accnimdalod sidislanlial tiino on (.•xporiincnlal inuiiu's dial 
itK-orporatod I L'llon-Loaiod-aluminum angk- yaskcl in a .U7-siool nuitinp llanpc lu-luivn llu’ 
iUKvlor and sonilnistion fhamlHT. SL-alini: psi »)n a I :-in. iliamoli'i . Similar soaK aiv nsal 

in hard phimhin« linos soalinj: hiirlKM prossuro (up to I ()()() p,i> bnl on sinalk-r diaiiKtcr 
connections. 


2.6.1.5 METALLIC BOSS SEALS 


Metallic seals K)r bosses aiv used on threaded p.»r*s when elastomers are not compatible w nh 
the lliiid or are not capable ol sealini; because ol extreme temperatures. The boss seals used 
on early rocket ■n.aincs at extreme environments were elastomeric O-rines on cr\oj!enic 
applications and either nu taPjaclxCtcil asbestos iiaskets or copper crush viaskcts t»n llol-Ja^ 
applications. Leakai-e at both envir.mmenial extremes led seal suppliers to develop 
ciyr)sjenic and hot-gas boss seals that could be used wilh existing bosses and fittings. lw..of 
the boss-seal types, the K-seal and Natoix| seal (table I). aie used extensivelv and successlulK 
to seal both cryogenic and hot-gas fluids on the l•-l and i-lS engines. These seals have a soft 
metal plating or lellon coating to achieve seal flange conformance. I iuure I ’ shows typical 
mstruinentation bosses with seats and fittings installed. The configuration that is used on 
both t.te .1-. and S-2S engines a spot-faced, tapped-hole boss with a pressure-assisted 

seal IS shown m tigure 17(c). I his configuration was uscil to provide leakage-monitorinu 

capability. 


I’roblems with boss assemblies include seal misalignment and boss damage, l eakage has been 
caused by misaligned seal loar'ing resulting frvmi inadequate thread engauement or bosses or 
littmgs having threads and seaiing surfaces out-of-square. These conditions are avoided In 
designing littings vvitii adequate thread 


tlueail sealing-surtasv si|uarenv'ss on all eivuplhig parts 


engagement and by imposing drawing controls on 


Boss seal conliguratious that rapiire high bearing pressure can result in damaue to the boss 
he damag.' is more severe if the In.ss is made of soft material such as aluminum or copper 

Ihis uamage is minimi/ed by the use of a seal configuration that requires low bearme 
prcssuiv. 
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2.5.2 Static-Sdal Design Integration 
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2.5.2.1 LOADS 

loads cm static seals amsist ,.| mechanical loads (installation and operational. Clnid 

ni.M m ivsidtinii trom cm ironmental lempe.alu.es 

lluid and somponenl.. An elteetive static seal is capable of withstandin.* these loads and of 
tunsinilling ilu (o contacting strucuiiv. 

r,ndm Iv' tI'"' V i t "ill li'iiil loaka^te under all operating: 

su.M. <m m. ivciuirement- however, this load it 

. Ijkmuited on some desajms (e.g.. elastomerk-elas aiul pressuie-assisted seals. |n the 
sys om pressm-e and on other seals te.g.. radial seals. In thermal changes. |he l.!acl 
Kc uiiement on sotne metal seal eonfigurations is minimi/ed h.v the use of plastic coalings or 
soil metal platings that How plastiealiv to eonform to the muting-sui face tipogiaphy 

cmTah'\T,l't'‘'’'l’ l-'kiiyo. while high installation or 

am t . . . ' T' " of the seal 

do t ui ir'' operation has been alt.iin.ted to eoupiinu 

. >ri d I ^issombly. a.id yielding ot the seal 

elistc ; l-y increasing the sc|uee/e on 

he .•■ li. I-'' ‘ ■ P'^'^suiv-assisted seals, and In ineivasi.m 

n. t '.h l' 'vsolved In using hid.-lempe.aUne 

wh ic u -t • to witl.sta..d high .e...pe.atures 

n hol t excessive delleet.ons or yielding. .Surface maiTing is pievented In leducinu the 

Cl ..tact load oi In using a seal contact maleiial with a higher bcaiing stiength. 

Studies on the p.i.iciples of sealing ^ .ads and leakage a.c included in refeivnces ,M. and 


2.B.2.2 CONTACT SURFACES 

Ihe seal contact surfaces on couplings p,„Mde the special leat.ncs .flat surlaces. mnoves 
CO, .t, -oiled diameteis. and the surlace topogiaphc .vc|,ii.cd In the static seal' 


rontact-surl'acc information is contained in tlie literature of the various seal suppliers and is 
discussed in more detail in section 2. 2.2.1. Metal seals generally have surface finishes 
comparable to the required llange surface finish or smoother. Smooth finishes on the seals 
minimize the load required to achieve complete contact with the mating surface. 

Prohlems encountered with contacting surfaces include the inability of a metal seal to 
follow out-of-flat and nonrigid flanges under various operating conditions, and marring of 
contacting flanges by high seal-flange loading. Solutions to these problems are included in 
sections 2.2.2. 1 , 2. 2. 2. 2. and 2..5.2.I. 


2.S.2.3 ENVIRONMENT 

Two environmental conditions, temperature and the nature of the fluid medium, impose 
special considerations on static seals. Static seals in rocket engines are required to seal from 
-423° F to +1450°F. and the fluids sealed include cryogenic propellants, storable 
propellants, combustion products, and solvents used during manufacturing and engine 
checkout. 

Temperature influences the operation of seals by causing changes to the physical properties 
of seal materials. Elastomers and plastics are affected by both high and low temperatures 
with respect to changes in strength, flexibility, and hardness. The change in elastomer 
hardness at low temperatures results in the elastomer losing its ability to seal effectively 
when pressure is applied. For high temperatures, metal seals with soft interfaces are u.sed; 
the metal used as interface material is selected for its resilience at operating temperature, 
and the metal for the base material is chosen to provide the proper spring rate to load the 
seal adequately at operating temperature. 

Problems of chemical compatibility of the seal material with the system fluid can occur. 
Adverse effects of fluid on elastomers include surface destruction, loss of strength, excessive 
volume swell or shrinkage, change of hardness, and change in elongation. Plastic interface 
materials may burn when exposed to fluorine or cause an explosion when subjected to an 
impact load in a liquid-oxygen system. With a metal seal, the metal itself may be chemically 
attacked by propellants. 

The effects of temperature and fluid compatibilitv are discussed in areater detail in section 

2 . 0 . 1 . 


2.5.2.4 SEAL RESILIENCE 

Seal resilience is a measure of the c nability of the seal to accomnuKlate coupling deflection 
and separation without seal load being reduced to a level at which the allowable leakage rate 
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good resdieiK-e as relloetcd by the allowably coupling separation. '’ 

2.5.2.5 SEAL PROTECTOR 

Seal barriers are structures that protect the seal and coupling. Seal applications in hot-e is 
sy ems arc the ntos, troublesome because of loss ol' material propels an^t|K^^K^^^^^^^ 
In' ^ ^ ‘coupling components. At the annealing temperature of tlie metal the seal 

mT k'lltporattlres the tage, 1 I s 
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Figure 27. - Coupling design providing protective barrier for seal. 
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2.B.2.6 LEAKAGE CONTROL 


Leakage control is utilized to isolate leakage to prevent incompatible lluids from coining 
intf contact with each other and to ensu.e that the “blow-torch" type ol exterior leakage 
troni tliC thvust cluinibor docs nol oclut. 

Separation of incompatible tluids such as liquid oxygen and fuel or lube oil has been a 
priw™. with both 'tatic and dynamic seals when a single seal was used to separate two 
lluids or a single vent port was used to vent leakage. This kind ot problem has been resolv.d 
by separating the seals and by using separate vent areas to port leakages to dilterent areas 

(fig. 28 >. 
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(d) Common vent 


-SEALS 
(b) Separate vents 


Figure 28. - Use of seals and vents to separate incompatible fluids. 


On ground test of the RLIO engine, the oxidizer-pump seal dam is pressurized with helium 
to prevent mixing of any oxidizer and fuel leakage. In actual in-space operation ot he 
engine the vents are opened to environmental pressure, the philosophy being that regardless 
of the magnitude of the leak that might develop, pressure great enough lor initiation ol 
combustion docs not exist around the ports. 

Leakage of hot gas from the thrust chamber is minimized by using a conUnnation cmiphng. 
In both the K-1 and J-2 engines, the coupling configuration is shown m tigure _ . the 
hot-gas seal leaks, fuel, which is at a higher pressure than the combustion products, leaks 
into the combustion chamber and not to the exterior oi the engine. 




leakage is allowed. In some designs, the leakage acts as a lubricant and lowers friction and 
improves wear life. If leakage cannot be tolerated, bellows or diaphragms arc used in place 
of dynamic seals. 

Figure 30 illustrates the principal types of rotary and sliding dynamic seals; their 
characteristics are summarized in table 111. In liquid-rocket propulsion systems, elastomeric 
O-rings (figs. 30(a) and (b)), as in static seals, have a wide range of application. They have no 
equal when they can be used with chemically compatible fluids and operate within their 
temperature range. Among the fluids with which O-rings are used are hydrocarbon tuels 
such as JP-4 and RP-1, storable propellants, hydraulic oils, and helium and nitrogen gas in 
pneumatic systems. The many different compounds available make possible a matching of 
elastomer and operational fluid properties to the best functional advantage. The all-around 
reliability and low cost of elastomeric O-rings make them the logical seal choice for any 
application in which they can be used. 

Lip seals had a long and successful history of usage in commercial and military hardware 
before their adaptation to aerospace designs. Plastics such as Kel-F . Mylar, and Teflon 
replaced the elastomeric and leather materials for cryogenic applications. Lip seals are used 
for both rotating and sliding types of motion. The chief advantage of lip seals over O-rings 
lies in tlie lip seal configuration (figs. 30(c). (d). (e), and (f)). The basic configuration 
exploits material resilience and flexibility to achieve an effective seal even at cryogenic 
temperatures. In addition, the lip seal has greater ability to absorb radial motion between 
male and female members that results from thermal expansion and deflections. 

Piston rings and mechanical seals generally are used for sealing hot gases where elastomeric 
seals would deteriorate. Piston rings have been used in commercial applications as seals in 
internal combustion engines and compressors, and in industrial hydraulic and pneumatic 
cylinders where the ruggedness of piston rings is advantageous and where leakage can be 
tolerated. Various ring-seal configurations and special mechanical-seal configurations 
illustrated in table 111 are used in both rotating and sliding applications in rocket propulsion 
systems. These metal seals require close machine tolerance for both seals and cavities, 
smooth surface finishes, and wear-resistaid surfaces for obtaining the required leakage level 
and cycle life. 

Other rotary and sliding seals with limited flight usage include the various 
compression-packing designs. The compression packings are limited to slow surface speed> 
and offer no advantage over elastomeric O-rings in flight applications. 

References fi and lU discuss the state of the art for the various seal configurations, provide 
considerable design information, and include a large bibliography useful iii seal design. 


BACKUP RINGS 




(a) 0-ring 


(b) 0-ring with backup rings 




(c) Lip seal (d) Up seal with backup ring and 

contamination excluder 




(e) Formed lip seal 


(f) Formed lip seal with reinforced 
flange and garter spring 


Figure 30. - Principal types of rotary and sliding seals. 
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2.5.3.1 ORINGS 

Beaiuso ol their simplicity of design, extensive standardization, low cost, and excellent 
reliability record in the aerospace industry, elastomeric O-rings (figs. 30(a) and (b)) are. 
within their temperature and compatibility limitations, preferred for dynamic seals for both 
rotating and sliding dynamic applications. The wide choice of elastomeric compounds 
available permits the use of the O-ring throughout the pressure range from near vacuum to 
over 3000 psi and at temperatures from about 80“F to approximately +4S0"I- 
Installations above 800 psi may require a special gland design. Compounds are available tor 
use with pneumatic, hydraulic, and hydrocarbon lluids and many high-performance 
propellants. Hlastomeric materials are discussed in detail in section 2.(i.l . 2 . 

0-rings are used in various mechanical components such as valves and actuators to seal the 
fluid while still permiiting relative motion. The O-ring i, .tallations generally arc controlled 
by the requirements of the O-ring gland design specifications (ref. 48). The principles 

involved in use of the O-ring are the same for both static and dynamic applications and are 
discussed in section 2.5 . 1 . 1 . 1 . 


Problems associated with dynamic O-rings include damage during installation, improper 
squeeze, extrusion, and damage due to surface speeds: leakage and contamination can result 

from each condition. The O-ring installation-(.lamage problem is the same as that for static 
seals (sec. 2.5.1 .1.1). 

Squeeze, too little or too great, can cause problems. A low squeeze can result in leakage at 
low pressure or extrusion of the O-ring into the clearance between the shaft and housing 
the latter condition under high pressure can result in O-ring damage and subsequent leakage 
Low squeeze may result from a groove that is too deep, deflections that are excessive or in 
low-temperature applications, a reduction of O-ring cross section due to the contraction of 
the elastomer. A low-squeeze condition is corrected by adjusting the groove depth, reducing 
the dellections. or changing the elastomer cimipouiul. A high sciuee/e can result in 
installation damage and is corrected by increasing the groove depth. O-ring squeeze is 
discussed further in reference 48. 

hxtrusion occui-s because of excessive clearance between the two moving members aiul is 
due to improper dimensions or excessive loads on dellections or an O-ring that is too si»ft 
Lxtrusion may be eliminated by one or more of the following changes: use of a harder 
elastomer, reduction ol clearances, or the installation of backup rings. Damage to the O-ring 
in the form of a spiral failure (i.e. the O-ring looks as if it has been cut about hall wav 
miugh Its cross section in a spiral or corkscrew pattern) occurs in reciprocating 
applications with speeds less than one foot per minute and low pressures. I his damage mas 
be eliminated by increasing the speed or Iluid pressure. In rotary applications, ifspeeilsare 
too great, the O-ring is destroyed. Ihis possibility is minimized In using a relativelv hard 
olastomer. installing the O-ring in the cylinder with very light tension loads, and limiting 
surlace speeds to less than 1 500 It jnin. 


2.S.3.2 LIP SEALS 


A lip sc;il consists of a relatively llexihle sealiii}! element, generally nonmela'Iie. that has an 
interlerenee lit with the moving element aiul e.xteiuls into the lliiid cavity so that lliiiil 
pressure acts to increase the seal load digs. 3()(e». (d). (e(. and (0). The sealing element can 
he made of almost any material but in aerospace application is generally an elastomer or 
lluorocarhon polymer. Lip seals olTer a wide range of design parameters tmaterial. thickness, 
length of lip. tlange retention) to meet particular rec|uirements. and perform well lor either 
rotating or sliding applications in such lluids as hydraulic oil. RP-1 fuel, storable propellants, 
and cryogenic propellants. 

Lip seals arc molded from elastomeric materials for applications within the usel'ul 
temperature range of the elastomer and are machined or formed from plastic materials for 
cryogenic applications. A large selection of configurations and sizes for elastomeric lip seals 
are available “oll-the-sliell ' commercially. Plastic seals, on the other hand, generally are 
designed for the particular application. Several butterlly valves for use with Lll, on the 
Saturn vehicle have Mylar lip seals on the butterfly shaft. These seals are formed at "the time 
ol installation trom blanks pre-cut from sheet stock. For liquid-o.xygen service on the Saturn 
vehicle, an advanced butterlly valve incorporates a Kel-F shaft seal of similar design. Metal 
lip seals have been developed for reciprocating shafts in the hydraulic system for aircraft 
service. The operating conditions include pressures up to (>000 psi and temperatures to 
+500“F'. The metal lip seal is operated against a lapped. Ilame-plated shaft. 

Problems with lip seals usually are related to ( 1 ) insufficient pressure of the seal lip on the 
moving element and { 1 ) roughness of the dynamic sealing surfaces, which influences cycle 
lile. Design features intended to solve these problems often are in conflict, since high 
bearing pressure of lip on shaft is conducive to rapid wear of the sealing surfaces. A 
successful design is the result of the balance between several factors such as the seal's tensile 
strength, thickness, and wear resistance: shaft surface texture and wear resistance; and the 
effect of the operating environment on these properties, darter springs on elastomeric seals 
and multi-ply plastic seals often are used to withstand high operating fluid pressures while 
maintaining lip flexibility. Wedge-shaped backup rings between seal and housing and shaft 
also are used on the low-pressure side of the seal to support the seal against pressure. 
Overlapping the outer lip of a multi-ply seal, as shown in figure .10(d). provides a 
contamination excluder and aids in maintaining contact between the inner seal and the 
moving element. 

The flange of a molded elastomeric lip seal that provides a static seal between the lip seal 
and the stationary housing usually is reinforced with a metal ring or encased in metal. This 
reinforcement is required to provide rigidity for installing and effecting a seal at the static 
mounting face and on some designs to pr«>vide additional loading at the dynamic seal face. 
Design of the flange of a plastic lip seal for cr\a>genic service is critical to satisfactory 
performance. I wo methods that are often used to maintain a tlange load are temperature 


cumponsiltion :iiul scnalioiis or raisoU laiuls dif-. .?()(,)). loiiuviaUnv a.iiMvnsalion is 
aL'complisliod lliroi.uli llio use ol' material eoiiiliiiiatioiis that will maintain (or invleiahh 
inerease) the llanj-e load at low temperatures, lor example, the Kel-I- llanne seal on the lip 
seal used m the lk|uid-oxvf!en hullerny valve lor the Saturn vehicle is designed to sustain 
_UU0-psi llange hearing pressure at assembly. Ihe eontraetion ol the 0.()2(J-in. thick seal is 
compensated by a 440-(‘Ri:S bearing race in an aluminum alloy housing to raise the bearing 
pressure to approximately 4000 psi at -.^00^ I \ A O.Ol.S-in. Mylar tlange seal lor a 
liquiddiydiogen butlerlly valve on the .same system has similar compensation; .U)00-psi 
llange bearing pressure increases to approximately SOOO psi at -420'|-. Both seals are lurthei 
loaded by narrow projections on the seal retainer the Kel-1 bv two 0.004-in.-hiuh lands 
and tlie Mylar by a 0.004-in.4iigh serration. 


2.S.3.3 PISTON RINGS 

Piston rings (fig. 30(g)) as used herein are split rings that either expand (piston rings) or 
contract (rod .seals) to ellect sealing and are used in high-temperature seal applications, rhey 
can be used as either sliding or rotating seals. The rings are installed with little or no sealing 
load and are forced into position and loaded by the system piessure. Sealinii occurs on two 
surlaces. a circumferential surface and a groove side wall. The rings are precision fabricated 
to obtain nearly perlect surfaces. The split is made in either a straight cut or step cut. I he 
straight cut has lew applications because of excessive leakage; the step-cut ring, singular tn 
111 clusters of two or three, provides improved sealing. On contractinu rinus. springs are 
generally required to ensure the best conformity of the seal ring to the rod. Because the 
sealing loads are low. the friction, wear, and life characteristics arc good. Piston-ring usage 

on rocket propulsion systems has been limited to applications where controlled or fairlv 
largo leakages are aeeeptable. 

Leakage problems associated with piston rings are related to surface damage and seal h»ad 
use ol step rings or multi-rings lessens leakage. Leakage caused by surface damage can be' 
mmimi/ed by the proper selection of materials with good wear and friction properties. If 
leakage requirements are reduced or are found ti> be in excess of that which a pistmi ring 
can consistently seal, then a mechanical seal may be used, loads are varieil by pressure 
balancing, which consists of adding a groove in tiie wear surface and venting it to the high 
pressure by a passageway in the seal ring. In this manner the seal pressure-assist loail can be 
varied by the amount of grooving and venting added. Auxiliary springs are also used to 
improve the seal load in low-pressure applications, ligure shows both the 
pressure-balance groove and springs for increasing the sealing load. 


2.6.3.4 MECHANICAL SEALS 


Mechanical seals function with a mechanically loaded d\namic seal interface on a lace 
normal to the shaft (fig. .^()(h)) or on the shaft (fig. .n)(i)l. Pressiue forces inciease the seal 



Figuio 31. - Two-piece rod seal with pressure-balancing groove and spring load. 


lo.K m high-pivssuiv applications. Mechanical seals generally are used where plasfcs or 
clastomus aie unsuitable because ol propellant incompatibility or operatimi temperature 
range; however, nlastics and elastomers occasionally are used in mechanical seals. 

Problems with mechanical seals include low seal loads and cvcie wear life. The loads 
icquired lor sealing are obtained initially by a spring or bellows load and generally are 
supplemented by pressure to increase the sealing einciency at the higher pressures 
Acceptable cycle wear hie is obtained by selecting material combinations that result in low 
wear rates: m addition line, lapped sun'ace linishes are used to minimi/e wear. I he 
combination ol controlled leakage and minimum wear is the loundation of a successtui 


he seal concepts shown in figures .sOdil and (i) are current configuralions in rocket 
lioiulsion systems I he seal shown in ligure .10(1.1 is employed in rotational appli atiims 
vhcie all-metal seals are required (e.g.. high-temperature applications!. This conliguration 
U. example is used to seal the shaft in the hot-gas tapi.lf valve for an upper stage of the 
Na um vehicle, where the service temperature ranges from cry.)genic to+lJOO 'f . I iuuiv 

I) IS an illustration ol a mechanical seal that is used in both rotational and sliding 
applicjt ions. ^ 


2.5.4 Dynamic-SGal Design integration 

The various re(,uiiemenls applicable to the design integration of all dynamic seals inchule 
loads, urntact surlace; seal dellection and resilience: weai ; lubrication: and contaminalioii. 


2.5,4. 1 LOADS 


llio pniiKiiy loads on dynamic seals arc Il.iid-pivss,i.v loads, mcclianical loads, (opcialio.nl 

^oi'im'ncnl Icmpcraluic). An dlcclivc seal is 
saialk ol liaiu inn these loads as they are related to structural stresses (tensile 

■niTniri"' r’ f’ stresses, friction, and wear. Hastoineric 

*md plas.u seals as shown in linure M) accommodate these loads aiul stresses with a uiiimie 
somhmalion ol conlijiiiration and material properties providini* both the reonit 'i o 

Mimhul s«,h„s a,nl»cl s,„h„-c,.wi,l, dollcclion.. ;,hs,„lKM ll.n.ufl, ..,,1 .Ihplacan.-m 

An ctTective seal maintains a hearing contact load at the seal interlace ide.onm i 

>ho loposnphy ol ,h.. sailing surfaces. WiJc variations i.i these loads accUn lb I 
majomy ol dynamic seal lailiircs and become llie most dillicull ol' llic design pioblcnis In 
I satislactory seal. Typical problems include low-pressure leakage wIk-ii ide lu ale 

la^!'' " "r* '»'S?l'-P'-^"<M're leakage when the pressure-activated aR'u is not 

disnl' ^'nf^ i ii'toition creates a leak path, and leakage when the moving member is 
s Im ‘oti a dellection that cannot be Ibllowcd bv the 

. M r 'ii^*^-l>anical loads generated by esternal 

VIS oi leimal loads, high Iriction. and excessive wear related to load. A successful seal 

I rr.ri Ts toiomi’ “"‘il "’“i"Hini loud 

within the leakage hmits when the bearing load is reduced bv wear or creep- or when the 
siirlaces are degraded by contamination generated externally or by the seal itself as it wears. 

The frictional force acting on a dynamic seal at the dynamic interface is a function of the 
suil load and the coetlicient of friction at the interface. Both dvnamic and static friction ire 
m^ortant m the seal design. Prediction of the coefficient of friction to be expe;;; , ,.; 

1 r-il «'■ s-oetTicient depends cm load. 

md T 'T''i ^-ontact area, temperatuie. lubrication, 

and Klated lactois. In addition, dynamic friction is dependent on surface velocitv ind 

sta 1 C inction IS dependent on the time at rest prior to movement. Co.nplica , 1 il e 
i K o.s arc sue things as wear, which causes changes in many factors, and the telulencv ,u 

‘,rt Jivvw^ ■ ' X^'''^‘'vnce ') discusses the state ol the 

I ctuii o liictional lorces on dynamic seals. The design approach used to minitni/e 
Uioi piobicms includes selecting proper materials: minimi/ing pressure, mechanical and 
larma loading; spcc.lMiig wcll-lluishcd surfaces; and providing lubrication where possible 

•uuMs^in -hi Ti'' ^ '* contribution to mechanical loads 

» fu! IS iiKluilul m (Ik* analysis t)l structural stresses. 
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I •'■III''’ Mi>sl ilyii;illlif mmIs iiuluiliin> O lini's ;ind lip mmI'> :iir picsMiif ;i-,Mslril In 
iltllii'Ni' IlipIkT soiiliii)' iilli’l I; k'i' loiiils with llu' nltjivlivr m| iimiiiiii/in)' l(';iK;i)'c .il l.ii'lii'i 
pivssilivs. I Ik' i'onl:Kl siiilaa' may or iiia\ mil ;iK<i lia\o llii'. Icatiih'. At the 

ilyr.amii' mmI iiuoilmw llio pr''sMii\’-assisi IcaliiU' ivmiIIs in Iwu onlvlaiiilm'’ ilisaihaiilayi's; 
(1 ) Ilk' liiiilkT conlacl Itukls proiliia' liiyh liklioii ami wi'ai. ami ( ’Kaiv|>i loi n-i im's ;hh| 
^onu’ amiprossioit itackinjrs. Ilio seal will ivsliii'l k'akayk' with pivssuia.' applioil lioin oik’ sirl.' 
only. This laltor coiulilion Ih\’oiik*> a sij!nili'.'ant amsiiK'ialioii in llu' (l^.•sil>n <>l a 
iloiilik’-aclinj: piston soal whon il is not praclical to iisr* olastoinci O-nnjis. lo sol\o tins 
probk’in on applications ulili/in}! lip or cup seals, two seals arc jjcncralh insiallcd 
hack-to-lvick. The mclIUHls used lo ivikicc hijih-prcssiiiv contact stresses vary with seal 
conligiiration. 0-rink’s, lor instance, oltcn iiivc heUer results with an ailjiistmcnt in jjioiwc 
depth, cross section, or elastomer hardness that ahers the contact area ami bearinj! stress. 
Lip and cup-type seals may be altered lo change the relationship between lip length aiul 
■ C j i . n , ta , c . t - aiva , whereas I'a ce-lype seals may be altered by a change in the relationship between 
bellows elleetive diameter and seal 'eating diameter. In the design ol high-perlbrmance seals 
tor riighl-type hardware capable oT o| eraling throughout estended limits ol pressure ami 
temperature, loading problems are resolved In extensive design analysis ami development 
tests. 

Mechanical loads. Mechanical loads are applieil to a seal in pieloading during installation, 
in dellection of the seal with relative radial motion between components during operation, 
and by denectioii of mating components by external loads during operation. In some casi.'s 
(e.g.. the compression-type seals used in some valve stems), the seal also acts as a bearing 
that carries radial shall load. 

Mechanical loads are additive in some seal designs, and sealing integrity is not lost. In other 
cases, notably at the dynamic seal iiiterl'ace. dellection reduces the load, and the installed 
preload must be high enough to prevent excessive leakage. These problems arc minimi/ed b\ 
(lertorming thorough analyses to evaluate the loads and ilel'lections and by dimensional 
cimtrol of the seal contact surfaces (e.g.. flatness, roundness, and normalitv ). 

Thei’inal Loads . rhermal loads are generateii when temperalure changes in the component 
cause expansion or vx)ntraction t»f the \arious members at dilferent rates; these dilferenti.ils 
arise because of tetnperatnre gradients or ilifferences in the thermal expansion coellicients 
of the various tnembers. These loads will either increase or decrease the loads .it the seal 
ititerfaces atul structural stresses within the seal. Temperature changes also create distortions 
that affect ititerfacc loails and structural stresses. Tempeiaturc compensation designeil into 
tnatiy seal installatiotis rciluces the variation in load with temperature ch.mge. llu 
(cryogetiie! seal shown in figure .^Otc) sometimes incorporates an Invar spacer under the 
heail of the bolt to compensate for shritikage of the plastic seal at cryogenic tetnperaturcs 
atul tnaintain the llange loail. Thcrtnal conditions that lead to distortions are minimi/eil 
with cotnbineil heat-transfer/structure studies. 
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2.B.4.2 CONTACT SURFACES 


I ho b;isic liinclioii of a dynamio seal is t<» provide conlaci hoCwoon iho seal and Iho inovini. 
coinpononi sullicioni (o limit iho loakajio path and pivvont ioakayc Irom oxcooding 
alluwablo k-vds. Hi., iieomotry (si/o) ol the l.-akage path is a lunction of the seal 
eonliguration. load (piessiire and meehanieal). and surlaee llnish. The general subjeet of 
leakage as a lunetion of inteiTaeo topography and lliiid conditions is covered in detail in 
relerenee A sueeessrul seal design is one wherein the load at the contact suiTaeo is 
sullicieni to prevent excessive leakage and low enough to prevent excessive iViction and 
wear. Design reciuirements for O-ring seals used in most aerospaee hydraulic- oil and 
hydrocarbon- 1 uel applications are given in reference 48. Dynamic O-ring seals designed to 
t icsc requirements will have the proper contact surface conllguration for most applications. 


Succcsslul opeiJtion at extreme temperatures requires seal design more sophisticated than 
the O-rmg. I he seal shown in ligiire 30(c) has been used in several rotating and sliding 
applications sealing liquid hydrogen and helium at cryogenie temperatures on .Saturn 
upper-stage valves. I he seal design has been developed by empiiieal methods based on i 
Mylar seal working on a fine-finis., hardened shaft. The proper seal configuration is provided 
iy void lorming the seal lip Irom a blank at installation and mating it with an 8-juin. shaft 
Imish. ,\ seal designed lor high temperatures is shown in figure 30(h). This seal has been in 
use 111 hot-gas valve.^ at I :0() I'. | he dynamic seal interface material is name-plated tuimsten 
caibide that is lapped to a 4-Min.-rnis liiiish and loaded by bellows compression andViuid 
piesMiie on the bellows. ( arbon has also been used for the interface material in this design. 


2.B.4.3 SEAL DEFLECTION AND RESILIENCE 

Most rotating and sliding .hiiamie seals are designed to detleel in one wav or another so that 
lhe> can comply with ielati\e dimensional changes between the moving and statio lary 
members, Kesihence o| a seal is its abilils to relmn to its original shape after release of an 
applied |..ad that does not delorni the seal beyond the elastic ranee. Seal resilience is a 
liinciion ..I ge.mietiv aiul material properties. Kesilience determines the capabilitv ol the 
seal to maiiitam ...iitact under conditions of delleetion of the mating Mirfaces 
lli.eh-perlormance -eals lor fligliMxpe hardware require malerials that have high suenglh' 

vliul cKkHlU.lU* iVsilkMlkk’ lllKMIuluHil ilk’ 0|HT;||inu I'illlLk’. 

\ll-melal seals such as the hol-gas lace seal shown in ligme .b)(h) are exeeptioiis Intimate 
coniact at the dMiamic conlaci s.itlace is achieved with iieiil seal elemeiils imelv lapped l..i 
Iniish and llalness. ( ompliaiice wilh relative shall-lo-housmg radial and axial displacement is 
achieved bv delleetion ol the bellows that is iiicoiporal.,.il between seal and h.Misine. 



2.B.4.4 WEAR 


WVar is a diaraclcristic of all dynamic seals and is nol considered detrif'iental until it causes 
excessive leakage, rrietion, or contamination. W.Mr is alTected by seal rubbing velocity, 
because (I) a high rubbing velocity increases wear rate directly, and l2) high rubbing 
velocity can increase real operating temperaiure. which can increase wear rate and also 
shorten seal life. The normal operating life of a seal may be dictated by the wear rate and be 
independent ol the lilc ol the component. Thus wear rate ilictates seal replacement on a 
component servicing schedule. 

Controlling wear is largely a matter t;f selecting appropriate material. specilVing proper 
surface llnish. and controlling the bearing pre; ure at the dynamic contact surface. 
Lubricants are used to advantage in most 0-ring pneumatic installations. The bearing 
pressure of an O-ring is largely a function ofsc|iiee/e and is a signilicant factor in the design 
of the O-ring groove. Material properties and ct)nliguration both play a large part in the 
bearing piessure ol a lip seal. In one application ol the lip seal shown in ligure .'Otci. an 
excessive wear problem was resoKed by reducing bearing pressure through a reduction in 
material thickness, with no degradation in performance, l iner surfaces in general reduce 
wear, but the nature »>l the surlace must be ertnsidered. A surtace witli a smooth linish with 
sharp asperities may cut and abrade a seal faster than one that is roiigher but with rounded 
asperities. ( onverscly. too line a finish can tv a detriment in some cases. ,\ surlace finish ol 
less than <S-pin. on the rod of a reciprocating piston in hsdraiilic service m.i\ be wiped drv 
ol hibric int. the result lieing O-iing lailure. 

I xternal sources of contamination wan .iNo lesuh in seal wear; theretore m some 
applic.itions wipers ate addei* to exchule contamin.ition. OpeiMimg with cont.iminalw'd fliiul 
mav be a wlesigu ivt|uirenicnl. ( ormsive we.u owciirs when the li.ise met.il exposw-d lliroueh 
the lubbing we.u piowx’ss lutensiliw's the Ww*ar .ile whu' to worro'ive .i.tion. ( onip.it ibihtv ol 
tile h.isu in.ileii.ils ol the dvn.imic sw'.iling elwiiK'iils with the opi-i.iline w'liv iroiunent 
ehmin.ilw's i i)m>si\e w e.ii , 


2.5.4.B LUBRICATION 

\|os| ,|\ n.iiiiK se.ils depend upon some loiiii oi hilviw .itioii io , ,.iiii. I liu iiou ,md w e.ii I he 

tiibiiw.inl m,i\ be .ipphed ,il Ihe tune ol se.il nisi. tll.uimi like lim gie.isw' .ipplud lo .oi ( t ime 
lot pne'.m.iliw serviee it mav e.uiie Iroiii llie opwT.il im- Hind oi it m.iv be ,i , . inipMiieiil ol 
the swal III, den, il Ihe most dillieiill liibii, .iiio i piobkins oi eui at IwUipw'i.diin s ,d wliuli 
hibi le.uils I .innol Ih' Usewl . I’l.isl u s siu h ,is lelloiioi Kell li.ivw' bemi used sii, i es^inlh eilhei 
.IS Ihe basic se.il m.iteii.il or .is co. nines ||md . o.n iiies such ,is I imesicim ,ii bide .iiid pi, nines 
such .Is wliromiiim .ilso have been iiscil lo icduci- Hu lion. Soli mel.il liliiis sik h ,is sil\i i <<i 
itidiiim have Ivw'ii iw'porled ,is siicw w'-sliil iii iw'dikiiie IikIioii. t'lit ilu'v .lu e.lieiiK'lv 




2.5.4.6 CONTAMINATION 

The capability of scaling lluids that contain varying degrees o I containina n .s a design 
reouirement for all dynamic seals. On the other hand, excessive wear ol the seal may 
generate contamination detrimental to the operation ol the system ol which it is a pail. 
Contamination of varying degrees can be absorbed into the dynamic sealing interlace 
without degrading the seal. Beyond this, greater amounts ol contaminants or more abrastee 
particles will create leakage paths or wear and result in seal lailure. 1 he- amount ol 
contamination that can be absorbed va.ies with seal conliguration and material. In general, 
soft materials and large dynamic-seal contact-surlace areas will absorb more contamination, 
whereas harder materials are more resistant to abrasion. This consideration olten is a piime 
factor in the selection of a soft seal to operate on a hard surface. However, the amount ol 
wear that can be tolerated may be dictated by the system of which the seal is a component, 
rather than by the effect of the contamination on the seal. 

2.6 GENERAL CONSIDERATIONS FOR DESIGN 
2.6.1 Material Selection 

The materials used for disconnects, couplings, fittings, fixed joints, and seals provide (I ‘the 
structural strengtli necessary to withstand all the various loads. (:i special properties tor the 
application (e.g.. softness and pliability for seals), and (.^) the properties necessars lor the 
joining of components by welding or bra/ing. The materials used include metal alios s. metal 
platings elastomers, and plastics. Material selection considerations include compatibi its 
with service lliiid. phvsical and mechanical properties, .mvironmental temperatures sselding 
and bra/ing characteristics, contact of dissimilar materials, corrosion resistance, and cost. 


2.6.1. 1 METALS 

Ihe metals ciirrcntly used for the siibicci components include tmsst ot the so'nmon 

structural metals that arc inhcrcntls corrosion-resistant : pruKip dh . these arc the 

cirrosion-resist.int steels, nickel-base alios s. and aliimintiiii alios s. Seser.il ol the MibnU 
components (fittings, couplings, and fixed joints, aie integral ss.th a component o, are 
connected to a duet; therelore. the material seleetnm considers the component o diut 
rcMuirements. On discoiineels. where sseigh. i> no. a s.gnil.eant lacfu , .O-wnes 
corrosion-resistant steels generally are used for both hall-bodies and to. tne l.iteh release 
meeltaiiisins. Miiminuin alloss are compatible ssitli the maiorits ol die iciiuiu iik nts oi t k 

flight half but are asoided when possible because of their sulnerabihts to dam.ige to aMu.i 

surfaces and mechanism during handling. Since electrical disc.mneels l.equcntls aie l.K ite.l 
clos- to fluid disconnects, it mas be necessary toasoid magnetic malerials. Springs .md the 


roiisidcnition. v!!rk'>us'm,kiruLH|'h, ^SkkVk'cin. imporlant 

dca,„,p.„o when in contnc, will, n,e, ,K ^ '"‘'“I' 

snide the selection 01 s,utnble,nalerials ihedK.n i' r ’ “'''* l^^^^^^^^^^^^ and 

analyzed dutlns the design phase (r ? V V,dT,' '"‘’'a' 

metal surlaee passive lo eo Lslon I e n^L nio "•■■■ 
prrtlenlar llnld. An example of d U '««' """ a 

The ,k,sslva,i„n lll,„ opemtes on ■, 1 ,^ 1 ,™^ I m “ ' ■ 

reduces the rate of corrosion until in iviiiilihr-^ i ^ ^ "K-rease in passive-nim tliickiii ss 
•ho Him Is reached. AMId Z t ,h fl^^ 

within d«lgn limils. ' ■''■''ahooly steady corrosion rate thal is 

Some lieat-treatcd materials such as 201 4 -T 4 iiul -Tri I 7 . 7 dii . •aaa-s^- 

to be susceptible to stress corrosion Thk nr^i i. • • i ' have been round 

materials nol suseeptible to stress corrosion Iml' Stl'l!' ohanglng Ihe design to use 

'•''■->>--'>-a^'"asa„dbyL:.:;:;r;;;;L 

“ZiZ I't": r ZiZ '■ 

hydrogen-emironnieni emhrilllenienl. The einltii ZmnriZ? '''"'■•’''''lo •<' 

a snseeplible metal eonies in eoniaei wiili ", . '"'ip.iimenial elTeel: when 

behaves in a hrillle manner when a • •ri-.i..'^ ' '^“"bo"- the snriaee of the metal 

I tas..e prnperlies. > ield Zntelh aitd in ','1 I”T''' -nred. 

iiliccted by tlie h\ droj>en environment • ih • in ^l'^ -'^'r 'Oen}-(h are not 
notch slrenylh. and crack bcha\ior Most .nip'l' 'Vi''** ^ 

environments: theretbre. those allovs that hi\ > i*.. In li\droj>An 

he siisceplihle lo emhriuK*nK»n! Onlv m u/ r ^ in hx Jrouen jiv ;issiimed to 

used in dcsi,nint s.ru o u i -"i-nment arc 

-HI all surtacc n.:,tc., ;i -Hrollcd: 

variables; most alTcctcil met ils n > •. »Vi '‘'"l’'^'''*un aiul prcssuic arc important 

lemperature range ol -|()() ' to +^0() V"'?ml \|, •' sV' "n'r'"'’'' 

pressure. Two incthods lor prevention ol io- 1, ""'Mbibilily increases with inen ascil 

protective coatings and the adcl!li! 'n ’!l ^Mnluilllemeni are the use 

llie im»si potential lor pre\enline li\ iIiol* >n mu "''' '* Il'•'' lui'e slioun 

-Hi cadmium. Silver-sililm L vmbritfemeni are copper, gold. 

elevaleil-ieniperal tire service 1 he ile»r ' • "iT"i' sliown some promise tor 

IlK degiee ol hydrogen-environment embrilllemeni decreases 
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with tlic amount of oxygen in the hydrogen. 1 or example, the addition ol 1-peivenl oxygen 
lias Iteen shown to prevent embrittlement of a ().22-pereenl earhon steel by high-piessure 
hydrogen. Relerenee bl provides detailed inlormation on hydrogen-environment 
embrittlement of u'etals, ineluding properties of many struetural metals tested in a 
hydrogen environment. 

Materials with widely dilTerent eoelTieients of expansion or et)ntraetion have resulted in 
bolting problems or improper elearances or tits in applieations with large 
operating-temperature ranges. Improperly preloaded bolts are loosened by dillerential 
thermal movement when the eoupling eontraets faster than the bolts, or the bolts yield 
beeause the eoupling expands faster than the bolts. Improper eiearanees or fits ean cause an 
operation problem in disconnects and in inadequately welded or bra/ed joints. Ihese 
problems are minimized by using materials with similar coelticients ol expansion. b\ 
evaluating the effects of expansion or contractions, and by making a detailed structural 
analysis on couplings to determine the proper bolt preload. Reference b2. b.V and (>4 
provide coeflK'ient-td'-expansion data on aerospace materials. 


Physical and mechanical properties are important since most of the components are highly 
loaded to reduce weight. Materials with high strength-to-tlensity ratios are used extensively. 
At extremely low and high temperatures, ductility or toughness decreases for most metals: 
this change can residt in a rupture failure. Ihus materials must be selected to obtain the 
ductility required at the operating temperature. 

Weldability of materials is a very important consideration since welding is the most widely 
used inethoil for joining fittings and couplings to other components and ior making lixed 
ioints. Most currently used components that require a fixed joint are ellectively welded by 
either the gas-tungsten-arc t^ITA) t>r gas-metal-arc l(iMA) method. On hot-gas applications, 
dissimilar materials are sometimes welded te.g.. llastelloy-C to .^47 ( Rl S). 

Bolt-and-nut materials used t>n rocket engines are inherently corrosion-resistant, the nu>st 
widely used materials being A2S(). Inconel 7 IX and \-7.s(). K-Monel.and Rene 41. Materi.il 
selection is based on the strength level rei|uired for the coupling and the service 
temperature. All ol the above maierials except Rene 41 are useil in applications ranging 
from erv'ogenic temperature to I2(M) f . Rene 41 nomially is used at temperatures in the 
120()"l- to IbUtri range because of good strength lev. Is. but high cost restricts it Iroin 
being used at lower temperatures. In order to prevent thread galling, plating .md lubrie.mis 
are useil on bolts and nuts. Silver is the most vvidelv used plating, although otheis aie used 
when required to solve Iluid-compatibilitv problems. I he standard thread lubricant used on 
the Saturn engines is a phosphoric-aeiil-boiuled div-tilm lubricant. One problimi .iie.i Ih.il 
influenced the selection of this lubricant was its impact-ignition compatibililv with liipiu! 
oxygen. • seiul temperature range lor this drv-film lubricant exteiuls lioin eivogeim 
temo ratures to . I'latings are nseil at higher temperatures. 
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Cast alumiiuim components frequently provide a llange for a coupling. Porosity at the seal 
imcT ace has caused leakage problems. This problem is minimi/.ed by specifying L* riquirJd 

de s.ty ,0, q, „ requiPMuent isr^:, used in the 

old design, and the density is verified on qualification test. Stringers in .<:i-TRl S wrought 
.inter, al resulted m helium gas leaks on the F-l and JO engines. This problan wa 
eliminated by using higher quality, vacuum-melt 32 K'Ri;s material. 

2.6.1.2 ELASTOMERS 

An edas.omer is a material that returns to its original .shape and dinuMisions after distortion 

Sv;:^Tent'atrm:^^ 

AlinuTth u compound. 

Iiibri^- mt ’ elastomer (i.e.. fluid to be sealed, outside air. 

lubneants. cleaning compounds, and purging agents) must be considered. Compatibilitv 
problems can occur if the elastomer selection does not take into consideration the chemie d 

loss Adverse effects include surface destruction 

loss of strength, excessive volume swell or shrinkage, change of hardness, and change in 

Uongation. (hanges m these properties are accelerated, in most cases, by increased 
temperature. An e.xample of compatibility problems occurred on the K-l engine program 

n iTtti'r In'.'.' « ’ ''"'“r"’'"' “‘''''•■d to IlK- RIM ruci syslom. The dasu.mer .hili,,ed 

unt I that time. Buna-N. changed physical properties and swelled excessively when exposed 

to Iv. solvent. To solve this problem, a different elastomer. Viton A. which was compatible 
with both the propellant and solvent, was substituted. 

must go beyond conventional materials fora 
successful design solution Sometimes it is possible to modify an elastomer compound to 

I t ^ formulation tor 

ut>I Ubbet with improved resistance to nitrogen tetroxide (N,() ). the oxidi/er used on 

u • 'l‘"i II ^^^tem ( ref. ). In addition to a formulation change', the seal configuration was 
changed Itoiii an O-ring to a molded-in-place seal to minimi/e fluid exposure (fig. M). 
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Recent advances in (he Cormulation of new and improved elastomers have resulted in 
compounds AI-'-H*4l I lor use in hydrazine seals, and AI -I‘.-I24D lor use in hydrazine and 
nitrogen tetroxide seals. General properties and test data for these and other new elastomers 
are detailed in relerenees 66 and 67. Compatibility data on convuitiona! elastomers is 
presented in reference 68. 

The system pressure must be considered in selecting an elastomer compound since i< tries to 
force the elastomer out of the coupling. Therefore, the elastomer must have adecpiate 
modulus and hardness to resist extrusion or the housing must provide the necessary 
clearance limitation to prevent extrusion. These relations are shown in ligure 22. 

As noted, temperature influences elastomers by causing changes to the physical properties. 
Elastomer usage is limited by both high and ' temperatures with respect to changes in 
strength, flexibility, and hardness. Table IV hows the useful temperature ranges for a 
number of elastomers, and figure 33 shows the elleet ot low temperature on hardness. 


Table IV. Useful Temperature Ranges ror(\>mmonly Used Idastomois 
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NITRILE (90) Q) FTHYLENE-PROPYLENE ^SILICONE Nl IR I IE (53) 

^FLUOROCARBON (a) NITRILE (70) @CHLOR0PRENE (?) f LUOROS I L ICONE 

Figure 33. - Effect of temperature on hardness of various elastomers. 


Low tL’mpcraliirL' caiisi'N elastomers to lose their elaslie properties. This phenomenon limits 
the ability ofela ivimerie seals to follow the coupling surfaces, ami results in the seal 
functioning like a gasket rather than being energi/ed by the system pressure. This amditioii 
is intensified by the elastomer's coefficient of thermal expansion lor contraction, at U'w 
temperature), which is much greater than that of most metals and consequently has the 
effect of changing the initial 'nstallation squeeze on O-rings and molded-in-plaee seals. I he 
combination erf these faLtors results in elastomeric seals leaking at low temperatures. I he 
best low-temperature elastomers are the silicones, which have demonstrated Ilexibility is 
low as -I20'"l''; however, they have poor physical properties (e.g.. tensile and teat strength) 
in comparison with other generally used elastomers and are incompatible with h>droearbon 
fluids, l•■|uorosilicone elastomers, which are compatible with hydrocarbon lliiids. are the 
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sccoikMx'sI malcriul Tor low-lompcraUiiv service* wilii kdchI Ilexihilily lo -^^0 I aiu! 
improvoil physical propcrlics over silicones. 10^1111' shows a ctnnparison ol 
low-tcmpcralurc capahilily in the Ibnii of percent retraction at various temperatures lor 
lluorosilicone. Buna N.aiul Viton A (ref. 77 ). The percent retraction is the percent of initial 
ainbient-teniperature stretch that the material will recover alter release when chilled to low 
temperatures. The lO-percent retraction level is considered to be the lowest temperature at 
which an elastomer I'unctionsasa resilient material. 



Figure 34. - Elastomer retraction at various temperatures (ref. 77). 


At the other temperature extreme, high temperature, the elastomer decomposes and eha. .. 
The loss of physical properties and subsequent charring of the elastomer interlace . auscs 
leakage in seal 'applications. Hardness of the elastomer is also reduced as the temperature 
increases, and thus the tendency of the elastomer to extrude increases. I igure s sun\' a 
seal life-versus-temperature chart for some of the common elastomeric materials. 

Most temperature-related problems with seals are s<dved or precludcil by making a tls.iougli 
thermal analysis and by staying within Ihe temperature limits ol the material. Devel.fpmeni 
of new elastomers has been helpful in sidving some problems where lemperaluiv cli.uigeN 
were brought about by extended engine operating conditions. One example ol thiMs il.c use 
of lluorosilicono chistomcrs lo ovotcomo a prohlvin diiv to lonp whiklv um 
wherein the cryogenic propellant chilled the boaltail and caused luel Ic.iks past \ Hon A 
static seals. Development of reliable metallic seals with eMended lempciaiuic .apa mIiIics 
cope with both temperature extremes has eliminated llte problem ol using cl.istomcis 
beyond their temperature limits. 






NITRILt (HIGH-TEMPERATUKE TYPE) 


NITRILE (LOW-TEMPERATURE TYPE) 


EXPOSURE TIME TO FAILURE, HR 


Figure 35. - Seal life as a function of temperature (various elastomers). 


Z6.1.3 SEAL INTERFACE MATERIALS 

Lcak-lroo couplings arc extremely dilTicult to obtain consistently with normal structural 
metals unless plastic How occurs. This coiulition can occur only with high unit loading ami 
suhsenuent damage to either the seal or llange. which limits the reusability of the coupling, 
lo mmimi/e this problem, various plastic coatings and solt-inetal platings are applieil to 
seals to provide a soft interface at the contact area. In operatit)iial usage, metal platings are 
employed Irom -452 I* lo +I4(H)' I\ while plastic materials are usclI from -452 I to 
+.^001. labte II lists the various coating ami plating materials and iheii usable teinpuatuie 
ranges. I he soil interlace material on cryogenic seals is usually leflon. while silver aiul gtdd 
generally are useil on hol-gassea‘ \dditional inlormation on interlace materials is inchuled 
in rclerences47 aiul through <^2. 

I wo probelnis oecurred in sihcr-plaling luU-gas seals on the J-2 engine piogum 
hlislei ing, ami sticking ol (he silver to (he mating flange. I he blisieiaig problem was rcst)lveil 
In a change in the plating pioccdures Hial incorporated a goKl flash utulei the silvei 
Sticking wais elimmaled In the applieallt>n id a rhodium over-plate on (he silvei iiel. S.'i 









l*rol>leius Willi IVIlon t>aici;illy arc rclalcil to loss of ln)iiilini> or excessive coKl How. I hesc 
pixibleiiis have been niiniiiii/ed by close processing! controls and by a pcrrorniance lest to 
verily ioad-carryint* ability tret. <S4). 

2.6.2 Component Handling 

llandlini', protection is provided on all components to prevent damajie and to maintain 
cleanliness level either for subsecpienl processing or for preventing contamination during 
assembly. Handling abuse is critical for the sealing surfaces of disconnects, couplings, and 
seals, while cleanliness is important to all components for maintaining clean Iluid systems. 
On fittings and joints, cleanliness is required in the joining operations. 

Handling abuse of cotnponents early in the J-2 and I'-l engine programs resulted in a large 
number of leaks at couplings during engine leak and functional tests and r•‘sulted in fires 
during engine hot-firing tests. These problems were minitni/ed by usin, protect i\e 
containers for seals and protective covers for llanges (fig. Cleanliness is uaintaiii .! :>> 
enclosing parts in heat-sealed plastic or by using protective covers, l-vc! small particles of 
plastic are incompatible with some propellants (e.g.. nuorine). Thereiiire. material such as 
scuflless nylon tnust be used for packaging cotnponents. principal consideration in the 
design c'l any protective (.levice is that it shotikl be impossible to accidentalh install ain 
portion of the protective material with the component. 


2.6.3 Evaluation Testing 

loslinu on llu* Mihjccl componoiUs consists ol* tlcvclopincnl Icsliiii* and talMlc»ilit)ii i. Niin»j. 
Development testini! xerilles that the componeiU is utpahle ol meeliina all ol ihc desien 
rimctional and sinietural retiuiremeiUs. 1 abrication testing \ehlies llial each hem m v(*^ the 
rei|uired performance and has the recjuired slnicUiral soundness. 


2.6.3.1 DISCONNECTS 

( onvenlit)nal slatic-lest Icchniiiucs are us' lor exahialini* the \al\es anil the manualK 
operated disconnect mechanisms in disctmnects. Kelerences 5 and discuss \al\v‘ testme 
Dynamic tests on breaka\sa\ and forced-separation ilisconnects. howc\ei. ie(|iiiic 
st^phisticated test ei|uipment to simulate operation cmiilttions. 1 hcsc tests yoiisisi 
separation uiuler simulated flow . prc’sute. and tempeiatuie coiulitioiis as llie\ i\isi m 
operation (ref. S5). Since lailure \o separate pro|»eil\ duiine launch would icopauli/e the 
vehicle, simulated tests durine the development pi(\LMam are essential, lest coiulituuis mus» 
be controlled to prevent unreahstic l.aiisveise loads caused In emmeous test setups ib.it 
may distort ilata atui mav tesult in leakaec past the inteitakC seal oi mekhanual 
malfunctions in die latch release mechanisms. 
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Figure 36. - Typical devices for protecting flaiuies and ..cals 


2.6.3.2 COUPLINGS AND SEALS 


li'slmg IS poll ot mod on ootiplinj;s mul soals to di.omor loiikaoo and Mnul.nal pioldoim 
pilot to thoir ooonnvnoo during tlio ongino dovolopmoni pliaso and to oinnmalo oonplmr 
loaks on protluolim, onginos prior to doiivory. A now ooupimg soal dosmn i> ctalualod as 
componont in simt.lalod IlighNypo lost riMuros to doloinuno s'oaling alnlils and 
malingdlango rotitiiroinonls and. on dynamio ooiiplings. Irioiion and o\olo-\\oai lilo I hv 
ovaliiatio.i losis iiKliido low-prossuro (ambionl) leak cliooks; ..poralinu prosMiro at applioahio 
lomporattiro, proof and hurst losts; prosstiro oyding at both opoialmu and stiruo ptossmes 
wliilo at apphoation lomporattiro: and loloranoo-osliomo soal oouplim. tosis. I aboralor\ 
otaluation tosts havo boon stiooosslul in simulating most ongino oondiliom ; Inmovoi . ihoio is 
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;i pn>hU*m in simuliitiiH’. lluTm;il foiuhtions on liol-)‘;(’. cimplmp ,. I Ns prohUnu liiis hmi 
iVMilvod In !lu* v.‘onpliiu»\ iluTmal I'nvirtmimMH ilnrinj» iMii'iiii’ opt‘i;ilinu. On hoih 

llu‘ l■‘“l iiiul \1 c’n^’iiu' projMMins. slnlic votiplin^n wamc sna'cssliillv I'valnaliHNlmin}’ t*n)»iiu‘ 
opiM'alitni. This ovalnali(»n was possihlo lK*cansi* i)\ W\c iU'si^»n lotpiiivnunit lo proviilv* ilu' 
oapahilily inonitiu* loakajitc diiiin^i [!romul tcslin^ or I iynitv 17 shows t\pi* al 

daslomor-scal/coupliii.u aiul p!vssmv-assis(od-soal/coupliny» di’si^ps used lor Ihis osahialioii. 
RchaviKvs and dO ivporl tho results ol Ilu* l -l and .1-2 leakape-nujuilotinr* 

programs. 

Leakage-measuring leehniqi;es inelude the eolleetion and measurement oT riuiil o\er a given 
time (siglil-glass or immiseihle-nuid displaeemenO: use o{' How meters (glass eapillary tubes 
or heated Ihermoeouple): and mass-speetrotneter leak deteelion. l igure d7 slu)\ss typleal 
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Fujuie 37. Typical leakage monitor inij sysiems. 
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KMkiii'c-moniloiinj* sysioms, Kcloivncos Ij. J7. ;iiul Nr* puiVkU* in vloplli Uisi ii^Mnns on 
k*;ik;i^^.* niiniiltn inj' aiul Uu'iinoconpU's. siiaiii aiiil a^ao’lrionh'ins au‘ ulili/nl 

lor iiK'asuriu}-’ paranu’Uns lo aid in IhiMinal anal\ sis, ^.iiain li’vHs, ami Mlnaliou-uspoiisfs on 
prohU’in conplin.iis tlunn^ holh lahoraloiy ami onriiiK* liiinii Icsis. |)ao. ohlaiiuHl liom 
instniiiKMUalion have been used lo elian^e ihe eouplin^ vlesien ami einninale leakar’e 
problems. 


2.6.3.3 FfTTINGS 

IVessuredoss measuremenis are ihe primary dala aeeunuilaled in lestinri ol a lilting desitm. 
These dala may be limited lo simple upslream and downstream siatie pressure 
measurements taken at various llowrales lo esialdiMi a loss eoelTieieiU lor a parlieular 
design. The basic pressuiv-loss measurements ma\ be expanded lo include mappinu ib\ 
means ol an arras oT pilot-lube samplinus across the How passage) the \elocil\ distributions 
associated with certain rillinu designs. 

Temperature-distribution measurements have been U icliil in some insianccs. bor example. 
i'‘mpcraUire-dislribulion measurements were made in an elTin'l lo establish an eircctisc 
design Tor a manirold-type litting carrying a cryogenic riiiid through <i hot gas duel on the 
I'-l tank pressuri/alion heal exchanger I refs. and SS). These data w Me u^cd lo alter the 
design so that thermal gradients were minimi/ed: thus stresses were reduced and latiguc 
cracking was precluded, 

Analog-t\pe model testing has been ericclixe in sludxing ceiltun How phemnnena in InU-gas 
tapolT ports, no/zle-cxtension ports. Ilexible hoses, and similar tittmgs. 1 wi>-ilimenMonal. 
large-scale models were built to contain open-channel Ikiw ol water pumped e.ross a tlat 
elass surtace. Photographs taken through the glass o| tracers m tlic water or on the water's 
open sui lace showed Tlow direction ol the water inside Ihe model boundanes. |his txpe ol 
lest can be elTectixe in establishing guide-xane contiguralions lor liltmgs with unusual 
shapes. Kelerences se) and ^H) describe some ol' the applications and vapabilities ol ihn t\ pe 
ol testing. 

laln>ialo!N tests on liltmgs iiMiall> aie ^anuln U'd 1 " determine pie-Miie lo<s ,n ikn\ 
ilisli ibulioii. 1 he piv'ieiied test is one m which ih liUmes peilorm then lull I'ln.iioii m tlu’ 
sxstciii. \ hiU-lire lest thus is iliu mo si me.iiiiiu’lul 1\ |v ol la^l lus. .luse al!no^^ all ^ l-tiu m- 
ol the opeial nil’ cm iiomnaiil are pi esmit . .ind .iw in aU me.isui eun ni s , ,m b>- i »lnaniv d 


2.6.34 FIXED JOINTS 


I ixed-iomi designs are testcil mitiallx to xenlx the vIcsumi ,oncc|'l .lud ihen . 
|omt me'Ms all reipiiieiiieiils loi the p.iilKtil.n ^ iiimiu' ptoei.nu lln-- . t 
viesiruclixe examinalioii ol sjmple lomls noiulesl i lu t ix e lesis sitJi a^ nan. n. mi 


• f‘ lU'i ' ‘ ■' ■ ’< > ' '••. ■' ■ ■• , ■• '■ ' 4i ■■ ■•■ ' ■' ( ^ ' fK.'y ■ , . ' ,^ ■ ._<,. , ,‘ ■ ’ 


inspectinn; proof iincl burst tests; enviroiimtMital exposure tests; vibration; and pressure cycle 
faUi'ue tests. Reference 41. a detailed report on the development of brazed and welded 
joints, defines the vari'^"*' tests. 

Nondestructive testing is performed on joints to locate joint defects while production joints 
are being labricated. The types ol delects that may occur in a fixed joint depends on the 
method ol labrication. Welded joints are subject to defects such as incomplete or 
insufficient weld penetration, porosity, and cracking of weld bead or parent metal. Brazed 
joints are subject to insuliicient How ol braz.e alloy, lack of adhesion (poor wetting), 
entrapped Hux or oxides, and void areas. The process defects usually occurring in 
diffusion-bonded joints are not known. However, the bond line is subject to cracking from 
bending or Irom heating to high temperatures, which may occur with welding and braz.ing 
nearby. 

Nondestructive test methods used to determine the quality of production joints include the 
following (refs. 42. 91. and 92); penetrant inspection. X-ray inspection, ultrasonic 
inspection, mass spectrometer leak detection at system operating or proof pressure, and 
soap-solution leak testing at system operating or proof pressure. One or more of the first 
three techniques are used immediately after a production joint is completed. One of the 
pressure test methods may also be used on completion of the joint. However, where a high 
confidence level in joint fabrication is achieved, joint pressure testing is incorporated in the 
final pressure test. 

The main problem arising in testing joints has been one of inadequate consideration of the 
limitations of test procedures in the initial design of the joint. For example, ultrasonic 
inspection is an excelleni method lor inspecting sleeve joints. However, allowance is rarely 
made for effective use of the ultrasonic probe; therefore, this test technique has been 
misleading. Another example is that of expecting penetrant inspection to detect a defect 
that would result in bubble formation during a helium-gas leak test. 


3. DESIGN CRITERIA and 
Recommended Practices 

3.1 DISCONNECTS 


The ilisamim i system ilesiyn shall he an optimum for the parih nlar spaee-vehide 
umhilical and service system 


he design ol diseonnect assemblies must be integrated with other eonsiderations to arrive 
at the design ol an umbilical or service system for a particular space velticle. The disconnects 
m such systems must be reusable; provide for minimum refurbishment: provide for easv and 
rapid engagement and veritication of engagement: minimize ground turnaround time for 
connection, verification, and checkout: and be inherently reliable. In the choice of the 
proper disconnect configuration for a system, detailed consideration must be given to the 
special characteristics and unique teatures of umbilical systems. References 93 and 94 are 
recommended for review and study of good umbilical-systems design. 


3.1.1 Configuration Design 


Both halves (Jliftht and gtomuD of a diseonneet assendily shall he eompatihle in all 
modes of disconnect operation. 


Determine all interface requirements. Recognize all operating conditions in both the 
coupled and uncoupled modes. Closely coordinate design effort among functional 
organizations and. when required, among contractors. Submit all proposed changes in 

perlormance requirements and in operating procedures for appropriate reviews prior to 
release. 


3.1. 1.1 MANUALLY OPERATED DISCONNECTS 

A manually operated diseonnect shall include safety features adeeptate to protect 
personnel during coupling or uncoupling. 

When line pressure is higli. use a pressure-balanced disconnect to reduce the potential hazard 
caused by the propulsive effect of the discharging gases. When the application is extremely 
hazardous because of high pressure or unusual fiitid properties, the check valves (or 
disconnect ( losure valves) should require a separate manual operation to open and close: and 
this operat on should not be performable unless the latching mechanism is engaged. In 
moderate!’ hazardous applications, the latching mechanism should require a deliberate 
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uclion Ix'loiv it c:ir ho ilisongii^’cd (o.g.. push in and twist). When possible, provide visual 
indication that the latchinj! mechanism is I’ully engaged. 

During the connecting operation the interface seal should he engaged helbre either check 
valve starts to ()pen; and during the disconnecting, operation the interface seal should remain 
engaged until alter both check valves are closed. This sequence is illustrated in figure I. 

Prepare clear and explicit written procedures describing each step to be followed, in 
•sequence, lor connecting and disconnecting operations. These procedures should ensure that 
connecting and disconnecting operations arc performed after the hardware has returned to 
sate handling temperatures and after internal system pressure has been vented to a safe level. 

Quality assurance verilication should be required as necessr ry to ensure proper adherence to 
procedures. 


3.1.1.2 BREAKAWAY DISCONNECTS 

A breakaway disconnect shall provide masinnnn simpHcitv, safety, and functional 
reliability. 

Make and secure the ground-to-vehicle interface connections manually under ambient 
conditions, with no nuid in the system. The ground-to-vehicle interface connection should 
not be disturbed prior to launch. Panel mount disconnects where feasible to simplify and 
reduce individual latching reqii rements. Latching mechanisms should be positive and 
simple. Redundant latching and separation systems should be provided on panel-mounted 
disconnects to increase reliability. Any limitations or tolerances for misalignment between 
the disconnect halves should be spelled out in procedures. 

All cryogenic disconnects siiould be of the slip type with dual self-forming lip seals. A 
tertiary seal adjacent to the dual seals should be provided to contain a gaseous purge The 
gaseous purge prevents cryopumping and ice buildup on the sliding seal surface. 

Cryogenic disconnects should not require the application of additional insulation after 
mating. The voluim. between the dual lip seals should be vented through a tubing 
connection on the ground side. This vent tubing should then be monitored for leaks during 
verification of the connect phase when the disconnect is tested by pressurization internally 
with gaseous helium. The disconnects should also provide for the mounting of 
leak-detection devices. 

The mounting provisions lor the ground half of the disconnect and the attached flexible 
duct should allow lateral and angular motion with respect to the grouiul carrier to ensure 
that the disconnect halves will align during engagement and disengagement. 1 he vehicle half 
ol the disconnect should be rigidly attached to the vehicle. 
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Breakaway disconnects lor spacecraft staging slionid require low force levels for 
disconnection, and disconnects on propellant lines should have integral cheek valves in both 
halves. These disconnects have unique requirements that require close study of all forces 
involved in order to avoid altering a carefully planned trajectory by disconnect operation. 


3.1. 1.3 FORCED-SEPARATION DISCONNECTS 

A foned-svparation disconnect shall incorporate safety provisions to protect 
personnel, a redundant mechanical latch-release mechanism, and adequate 
mounting structure. 

With explosive-actuated disconnects, prescribe appropriate precautions for handling 
explosive charges. Do not install explosive charges until final preparations for use are being 
made. Use a device such as a shear pin, which requires a high force to rupture, in the latch 
mechanism to prevent premature disengagement. 

A redundant release mechanism should be used to ensure separation. For example, an 
explosive-actuated disconnect could utilize controlled gas pressure acting on an actuating 
piston, and a pressure-actuated disconnect could use either an explosive charge acting on an 
actuating piston or a mechanical release mechanism operated by a lanyard. Both the primary 
and the redundant release systems should be considered in the design of all structural 
members. 

Consider the use of pressure-balanced disconnects wherever possible, because they may 
result in lower weight and reduced hazard to personnel. 


3.1.2 Design Integration 

3.1. 2.1 VALVES 

r(//rc',v in disconnects shall satisfy the leakage, spillage, and pressure-drop 
requirements of the disconnect application. 

The selection diagram below (fig. 38) shows the primary factors to be considered and the 
valve configurations recommended for various design requirements. 

The following factors also should be considered in selecting the final valve configurations; 
fluid compatibility; temperature (storage and operating); endurance requirements; actuation 
(pressure, as in a conventional check valve, or mechanical, as in the connecting operation); 
safety devices (e.g.. interlock between valve and latch); contamination and handling-damage 
potential; availability; and cost. 




■? 


ir* 


cffpv af - 


y i, f»» ' w riwwMl 



Figure 38. - - Sciection diagram illustrating recommended valve configurations for disconnects. 


Pressure-actuated valves sliould be designed tor minimum chatter under all flow conditions 
to which they may be exposed in service. Techniques for preventing chatter are presented in 
reference 5. 

References 5 and 6 are recommended for in-depth discussions on valve technology. 

3.1. 2.2 INTERFACE SEALS 

Interface seals shall function, as required, to control external leakage within 
acceptable limits during all modes of disconnect operation. 

Sections 1.5 and 3.5 present information and recommendations on seal configurations and 
seal design integration. 

In general, design features should ensure that the interface seal is engaged during valve 
actuation when the disconnect is being coupled or uncoupled. A detailed tolerance study to 
confirm engagement is recommended when valve actuation is accomplished by the 
coupling/uncoupling action. An alternate recommended design technique is to require a 
separate operation for valve actuation while the interface seal and latch mechanism are 
engaged. 







On the vehicle half of manually operated disconnects, use protective covers (sec. that 

utilize the same latching mechanisms and interlace seals as the ground halves and are capable 
of withstanding riill tern pressure (in case a check valve leaks) as well as the vehicle 
vibration loads, hn, .c.ive covers should also be provided for ground lialf of disconnects Ibr 
protecti<»n during periods of non-use and exposure to engine exhaust dining launch. 


3.1. 2.3 LATCH/RELEASE MECHANISM 

Latchlrclcasc mechanisms shall ciistirc proper release while preveniiii}i hhulrerteni 

separation of (lisconnects. 

Use a latching mechanism such as a spring-loaded push-pull or twist latching collar on 
manually operated disconnects and provide means for visual verification o' proper latch 
engagement. To prevent inadvertent separation of disconnects (e.g.. by vibration), modify 
the push-pull collar to require an initial twist before separation can occur. The latch 
mechanism should be designed to withstand any operating pressure loads to which it may be 
exposed, and a protective cover should be used as a redundant seal '.o withstand lull system 
pressure on the cover if the valve leaks. 

When disengagement occurs at low tcp’peratures. use a flexible shroud to protect the 
latch/release mechanism against condensation and freezing. It may be necessary to provide a 
carefully designed purge of inc shroud over a cryogenic disconnect to preclude lormation ot 
ice or condensation under the shroud. 

A ball-type latching device is recommended on breakaway disconnects. Alternate choices are 
positive-actuated pawls and break-bolts. Clustering of small disconnects and installation ol 
latch/release mechanisms on the umbilical panel are recommended. Individual self-contained 
latch/release mechanisms should be provided on large disconnects. If the design permits, 
large disconnects may also be retained on an umbilical panel because the panel release 
mechanisms are fewer in number and less costly than multiple individual disconnects. Use 
redundant, lanyard-operated release systems for the latching device. 


Not more than one latch/release meclnnism per panel should be used. 


3.1. 2.4 MOUNTING 

Disconnect mounting shall provide system compatihiliiy and ease of coupling and 
uncoupling. 

Locate manually operated disconnects at the point of application. Disconnects on systems 
that are incompatible or that could affect one another adversely shouln not be located close 
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tofsollior. When a sys(em ivt|iiiivs use ol multiple, manually operated disconnects ol the 
same si/e, prevent erroneous cross-connections hy maKiu}* it physically impossihle to 
interchanlie jiround halves and vehicle halves used in dilYerent systems. Use ol' incompatible 
sizes or unii|ue arrangements ol' keys in ground halves and matching keyways in the vehicle 
halves are recommended technii|ues. 


Breakaway diseonneets should be independent of each other, with adequate space between 
them lor mounting simplicity a' id operational reliability but clustered on umbilical panels 
when Icasible. I'emperature aiu! Huid compatibility and the elTects ol' interlace 'cal 
mallunction should be considered in clustered installations. Mount vehicle halves rigidly and 
provide individual adjustments lor the ground halves of breakaway disconnects to ensure 
proper alignment ol interlace seals and I'reedom from binding during separation. 
Accumulation of adverse tolerances, both axial and transverse, should be taken into account 
in designing the adjustments. Mechanical guides should be used to limit angular 
displacement and to absorb transverse loads during separation. Transverse loads on the 
cluster panels should be limited to allowable levels. 


3.1.2.5 SPILLAGE CONTROL 


Spillage shall he a safe tactor below the maximum amount tolerable for 
the application. 


Limit the volume between the valve seats and the interface seal in the coupled position, 
consistent with other design objectives. When spillage is very critical, employ a design 
concept as shown in tigure 10 and discussed in reference 9. 


3.2 COUPLINGS 


The number oj couplings shall he a minimum consistent with the propulsion 
system rcipiirements, and the couplings themselves shall introduce a minimum of 
system problems. 


Make an initial design-phase evaluation of each proposed coupling to justify its existence 
(e.g.. justify a requirement for component removal or for maintenance access). Only after 
this evaluation should a coupling be added to the propulsion system. Couplings originally 
provided to allow easy removal and installation of components under the engine 
development phase should be eliminated after they have ser\-ed their purpose and the engine 
enters into a production phase. 


Minimize coupling problems by using the fewest number of different types. In selecting 
couplings for a given system, consider all possible combinations of operating pressures and 
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temperatures, line sizes, wall thicknesses, line materials, and applied loads. Design the 
couplings with specific objectives in mind: 

• Integrity of the coupling must be veritiable bt*b»re Hight. 

• C oupling must contribute minimum weight to the system. 

• Coupling must achieve acceptable service lile and maintainability. 

• Coupling must be reusable. 

Some specific guidelines for design arc as follows: 

Minimize the number of leak paths. 

• Improve reliabiltiy by using dual seals in series. 

• Minimize the possibility of generating contamination in the line by error in the 
installation process. 

• Minimize the possibility of installing the wrong coupling on a given tube or duct. 

• Avoid separate sealing elements where possible, because they can be omitted or 
improperly installed. 

• Minimize dependence on critical llnish conditions ot sealing surlaccs. 

• Protect sealing surfaces from handling or installation damage by providing 
shoulders, recesses, and similar configurations as required. 

Additional discussion of the problems encountered in coupling design and ol the various 
tradeoff considerations is included in reference '5. 

3.2.1 Configuration Design 

3.2.1.1 FLANGED COUPLINGS 

/■/(/ngi-t/ cotinlhifts shall withstaiul Imh vihrathn. Iiifth nrcsstor. and cxtranc 
H-mpmttmr and yet shall he liKhtwcifdit and rdiahlc. 

Multi-bolted Hanged couplings are recommeuded where high loads are imposed b% \u tion. 
pressure, or temperature. Sufficient holts should be provided to prevent llange bowing and 
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separation. The eoupling should he designed to prevent llange rotation by providing 
sulTieient duet wall thiekness, tlange rigidity, and llange eontaet outside the holt eirele. l-or 
extreniely-high-pressure couplings, llange separation and rotation ie(|iiireinenls can he 
relieved hy designing the point ol llange rotation as close to the point of sealing as possible. 
To select the proper seal for Hanged couplings, follow the recoininenda.ions in section 
3.5.2. Complete analysis of Hanged coupling ilesign shoulil include ellecis ol temperature, 
pressure, vibration, and Huid properties. To ensure reliability, couplings should be tested at 
operating conditions. Ihe endurance cycles and exposure times for qualiHcation testing (.f 
couplings should be four times the Hight-life requirements. 


3.2.1. 2 THREADED COUPLINGS 

Threaded eou/dings shall provide sealing capahility without detrimental 
distortions under operating conditions. 

Threaded couplings are recommended only for small-diameter lines where accessibility and 
weight do not permit n Hanged coupling, or where leakage requirements are not critical. 
Couplings that utilize either pressure-assisted or radial seals with parallel load paths are 
recommended. However, seals should not restrict How or cause contamination ol the Huid 
system. 

Use locking features to prevent nut backoff and loss of torque. 

Standard commercially available threaded couplings are acceptable in low-pressure, 
small-diameter lines (< 0.5 in.) where vibration is not of prime concern. They are generally 
not recommended for cryogenic systems. 


3.2.1. 3 DYNAMIC SWIVEL COUPLINGS 

Swivel couplings are not recommended for rocket Huid systems. 

3.2.2 Design Integration 

3.2.2.1 SEAL CONTACT SURFACE 

The seal contact-surface condition and tolerance extremes shall he suitahle lor the 
seal material and seal loading. 

It is recommended that the groove and surface-finish retiuircments in the literature of the seal 
supplier be specified for the seal interface. In addition to the siqrplier s rctiuiremcnts, the 
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scaling surtaces slioiilil be clearly idenlilieil on the iliawinj.’. ( <Hleil !< the sealiiif! MiiiaecN 
shouUI be a note that speeilies that the sealinji suilaee shall be tree of nicks, scratclies. tool 
marks, and similar imperreetions. Drawings that define sealing siirl ices shonUI specilN the 
use of protective covers to prevent handling damage. A tolerance study similar to that 
presented in reference 22 is recommended for all couplings to ensure proper seal interlace 
and assembly rapiiremenis in tolerance-e.xireme conditions. This study should include 
consideration of seal,/|langc shift, coupling restraining mechanism, e.nd seal alignment. 


3.2.2.2 RIGIDITY 

The aitipliiif! shall he stiJJUieiith rifud l<> provide adetpiaie sud loading at all 
operating eonditU ms. 

Coupling detlection at the seal contict area should be calculated for the most severe thermal 
condition to ensure that the deflectioiis are within the limits of the sealing element. Consult 
reference 24 for procedures. Deflections are usually related to Hange mass; therefore, for 
lightweight ducting systems, seals capable of compensating for large flange deflections are 
recommended. Flange-separation values for various seals are s! c.e i in table 1. 

A large number of bolts is recommended to reduce flange bowing. The seal diameter and 
bolt circle should be as small as possible to minimize coupling separation loads that will 
subsequently reduce flange rolling. The sealing element should be located as close to the 
bolt circle or constraining point as possible since flange deflections are the smallest at these 
points. 

There is no simple procedure for overcoming or compensating for the effect of adverse 
thermal gradients. Each problem must be reviewed to determine the design solution. 
Possible solutions include the use of a material with high strength at high temperature 
(Inconels or Hastelloy C) or an insulating material (sprayed-on ceramic) to reduce the 
temperature gradient. 


S.2.2.3 RESTRAINING MECHANISM 

The preloaded restraining nieehatdsni shall prevent eonpling separation under all 
service conditions. 

The preload should be large enough to limit flange separation due to either loads or tliermal 
conditions to the ability of the seal to follow the deflection (sec. .T2.2.2). A detailed load 
analysis to determine the loads imposed on the coupling should be performed. This study 
should include both internal and external loads *esulting from pressure, vibration, 
misalignment, thermal, and other sources. These leads should be used in the design (d' tiie 
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ivslniliiiiin iiK’clianiMit aiul tlio lompoiu’iil part-) ol tlio Loiipliiip In fiiMiiv lhal llu' ■iIu'‘.m’-. 
aiv willtm iIk’ yield ^iivii)iih ol ilic maU’iial. 

Holt', are gi'iu'ially reeommeiuleil lor llariped eoiiplinjis. Kii4' elalllp^. while aieeplahli' loi 
|ow-pre^Mlre ( - yOO psii use. are not reeomineir.led lor lii)ihi ressiire etuipliiu'.s. 


3.2.2.4 LEAKAGE MONITORING 

l.i'iikiiyx-nKiniliiivta /iinvisiuii\ siuill niiikc it pn'sihlf tu idlln l luul nHOMnr 
Iciikiiyf. and shall d<> so with a ininininni inenase in ( onpHny si:c and coinplvsiiv 

I'igitre I? shows recommended moniloring provisions, loleranee sludies should he 
perl'ormed lo verily that the monitoring provisions do not result in coupling leakage and 
that the monitoring cavity is not blocked, lo reduce hardware complexity and cost, 
monitoring provisions should be deleted alter the joints have been verilieil. 

3.3 FITTINGS 

3.3.1 Configuration Design 

3.3.1.1 TUBE FITTINGS 

Tnhc-titting confipuvathnis shall he as siinple as possihlc and shall not result in 
unacceptable pressnre loss in the tube. 

The basic recommendation is to use a one-piece fitting machined Irom a bar or a lorging. 
Tile tubes should be welded to the fitting with a radiographically inspectable butt weld. The 
butt-joint intersections should be concentrically aligned to prevent discontinuity in llow 
passages and attendant energy loss. Tube welds should be specified as 100-percent 
penetration for structural reasons; but only minimum dropthrough should be allowed in 
order to keep discontinuities to a minimum at the inner surface of the flow passage. 

Where pressure loss is critical, elbows should be optimi/ed by technitiues such as those given 
in references 1^). 31. and ‘>5. In applications where the flow paths are necessarily more 
complex, departure from the one-piece design is frequently warranted. For example, figure 
39 shows an “H" fitting recommended for consideration where two inlet tubes of different 
diameters intersect with two outflow tubes. In this case the flow from either tube to the 
two outflow tubes is made with minimum pressure loss. Use of diffusers aids in minimizing 
pressure loss. 
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Figure 39. - Recommended design for low-pressure-loss fitting for joining tubes of different si?es. 


When tubes are required to tap How iVoni high-velocity How in duct^ and do so at low 
pressure loss, the tapolT Hitting) should be designed to take How at for near) the niain-tlow 
total pressure. Recommended designs tor accomplishing this are tapotTs that protrude 
upstream along the centerline of the duct flow or take off at a shallow angle to the 
centerline of the main flow. Figure 40 shows examples of these configurations. References 
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Figure 40. - Recommended designs for tapoff fittings. 


‘)(i, ‘)7, aiul ‘»K are reeommeiuleil soiiives ul ilal:i on piessiiiv-los-i cliaoielerislics lor speeilie 
l•oll^i^ulralions. 

I ulies proinulinp, into a How stri’aiii are very Ml^eeplil 1 le lo (low-iiulneetl \ihralion. Hue 
possible l'i\ lor litis is io use a laperetl probe. Voiles sheililinp lliiis is suppressed siiin.' Iliv 
shetldiiij', iloes nol oeeiiraloiip Ihe eiilire lenplli ol a lapered lube al any fivi'ii dowr.ile. 

|•illilt('s should be Tree ol lluirl Iraps dial eoiild eolleel eteaiiinp, lliiids. iiiipiirilies, or 
propellaiils and siibset|uenlly resiill in eorrosion, vioK'iil reaelions. o*- proiluelion ol losie 
ruines. To Ihe prealesi esieni possible, lube assemblies and lillinp designs shouKI provide lor 
sell' drainiii}.’ in any allilude. 


3.3.1 .2 DUCT FITTINGS 


Diu l-Hniii}’ ciiiijifittnilions stuill i‘.\liihit llw minimum i>irsMoc imu tU iihlv in 
the cii\ fltit>c itllow i J. ami ihe .littiitti sinn inral strcnttlh shall he adequate im- all 
llow-imlneed and meehanieally indneed loads of ihe apidieathm. 


It is recommended that a thoroiijjh analysis be made of the operational llowrate range ol the 
fitting. From this, a range of operating Reynolds numbers should be determined. Loss 
coefficients for fittings are characteristically presented as functions of Reynolds number and 
geometry. When the operating flow regime is known, the most efficient geometry that fits 
the envelope can then be selected. When pressure drop is critical, perform pressure-loss flow 
tests on the duct assembly; most fittings will behave differently from the perlorn.ance 
indicated in published data, especially if other fittings are close lo them, either upstream or 
downstream. 


Fitting configurations suould have smooth internal How surfaces and changes in area and 
direction of fiow that are as gradual as possible. Flow-control devices (ret. IV) should be 
considered for use when it is necessary to reduce losses on tight turns and large changes in 
area. 


Welded joinls should be located in areas with smooth transition of wall thickness to prevent 
thermal structural problems. Boss and mounting-lug attachment configurations that provide 
maximum structural capability without lluiil traps are describeil in relercnce I'L 
Consideration should be given to the fabrication tooling that will be required lo elTcct 
proper alignment for welding. 
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3.3.1. 3 VACUUM-JACKETED FITTINGS 


(Design criteria and recommended practices for vacuum-jacketed fittings are presented in 
reference Id.) 


3.3.1 .4 FLOW-CONTROL DEVICES 


(Design criteria and recommenJed practices for llow-control devices arc presented in 
reference Id.) 


3.4 FIXED JOINTS 


3.4.1 Welded Joints 

.1 weldcd-joint coiifigiiraiion shall he consistent with the system reqnireinents foi 
strength, assenddy sequence, and cost. 

Use bench fabricated welded joints wherever possible to reduce cost and ensure quality. 
Butt welds are most desirable because of superior fatigue strength, resistance to corrosion, 
and ease of radiographic inspection. 

Where closeout joints (i.e.. final welds that seal the system) are required on installation, an 
in-place sleeve weld is recommended. This type of weld eliminates tube trimming to close 
tolerances. Provide clearance about the exterior of the joint for the welding equipment. 

Details for joint design are provided in references 40 and 41. 


3.4.1 .1 WELDING METHODS 

The welding method shall he consistent with the joint configuration and the 
systent fahrkation requirements. 

It is recommended that joints be designed to tolerate the greatest possible variation in 
welding conditions without sacrifice of joint-to-joint reproducibility. Whenever possib e. 
design for the use of GTA or GM A welds, the choice depending on the wall thickness of the 
tubular components. If extreme accuracy of the joint is necessary, a small weld bead is 
required, or the heat input at the weld must be minimized, consider EB welding for 
achieving the desired control of welding conditions. 
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Resistance welding nuist be ruled out as an acceptable joining method lor rocket engine 
systems because of the large number of I'aligue failures that have resulted from poor lltup of 
parts and crevice corrosion. 


3.4.1.2 PROBLEM AREAS 


3.4.1. 2.1 Vibration 

Wckleil joints shall withstand the vibration environment of the application 
without loss of joint integrity. 

Welded joints should be designed for adequate fatigue life on the basis of an analysis of the 
alternating stresses developed by the predicted operational vibration spectrum (ref. 99). 
Vibration damping clamps, strategically located along tube assembly length, should be used 
to attenuate vibration input to welded joints. 


3.4.1. 2.2 Weld Oxidation 

Internal oxidation due to welding shall he at a minimum. 

Prevent oxidation on the inside of tubular joints during welding by making through-holes in 
both components being welded to provide adequate circulation of inert gas on the backside 
of the joint. The final welds in a system may require the use of small 0.065-in. diameter) 
vent holes in the joint: these holes are welded shut after the joint weld is made. 


3.4.1. 2.3 Contamination in Crevices 


Welded joints shall he J'ree of crevices on both the inside and outside of the joint 
or the effects of such crevices shall he minimal. 

The design of butt-welded joints and the welding process (GTA, GMA, or EB) should ensure 
a full-penetration weld. Thick wall sections should be EB welded, or the designer should 
specify (or show) a joint preparation (such as a “V” or “U” groove) suitable for GTA or 
GMA welding. When sleeve welds are used, fillet welds should be made on the outer surface 
between the end of the sleeve and the tube (fig. 19(f)). This procedure eliminates the 
external crevices: the effects of the internal crevices must then be minimized through careful 
cleaning before and after welding. 


f 


I 


3.4.1. 2.4 Toler inces 

The component and joint tolerance stackup shall ensure reproducible quality in 
welded joints 

Automatic welds should be used in making propellant-system joints Hnsure the location of 
an automatic weld by controlling component part and total joint tolerance within definite 
limits The critical dimensions rc-iuiring control are as follows; (1) butt-welded joints. 
Setrtal mismatch between components, and normaUty of 

romnonents- ('* ) sleeve-welded joints: the gap between the sleeve ID and the OD of the 
toX comp^lem! and the normality of the tube ends; and (3) nUe.-weld^ omts: 
normality of the tube end. The values for critical dimensions should be developed by testing 
sample welds made on the equipment that will be used for making production welds. 


3.4.1 .2.5 Weld Preparation 

The surfaces and edges to be joined shall accept the weld material and shall not 
cause cracks or weld porosity. 


Foreign matter such as cutting oils and material from forming dies should be removed from 
die surfaces of component parts prior to welding. The type of cleaning necessary should be 
determined from the fabrication history of the components and the metal alloy used tor the 
components. Cleaning procedures should be detailed on the drawing or should be “^eluded 
in a specification referenced on the drawing. For components that are to be EB welded or 
that use a sleeve weld, specify a deburring procedure either on !he drawing or in a 
specification referenced on the drawing. Some welding processes require surface 
(fncluding passivation) that should be specified on the drawing or in a speuficat 

referenced on the drawing. 


3.4.1. 2.6 Wall Thickness and Material Composition 

The wall thickness and material composition of the components to be joined shall 
be .suitable for the welding process. 


At the joint, the wall thicknesses of tubular components should be equal within normal 
milling tolerance limits. Tube sections should not be joined to a bulky fitting with a fille 
weld. Rather, the fitting should be designed to include a tube-like projection having a wa 
thickness approximately the same as that of the tube to be attached. Except for GTA or 
GMA welding of CRES alloys to nickel-base alloys, avoid joining dissimilar metals y 
welding When CRES alloys are to be welded to nickel-base alloys, a filler wire compatible 
with the two materials must be specified on the drawing or in a specification referenced on 

the drawing. 
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3.4.1 .3 WELD REPAIR 

Weld repair prneedures shall he appropriate for the original weld and eonsistent 
with design ohjeetives for integrity of the joint. 

Cracks and seam-like defects occurring in or adjacent to a weid should be either ground out 
and rewelded, or the components should be refurbished and then rewelded in accordance 
with the original weld procedure. Porosity can be eliminated by rewelding if it is not severe. 
Severe porosity should be reworked in the same manner as crack and seam-like defects. 
Oxides and other inclusions should be evaluated both for loss in joint strength and for 
reaction with propellant; then, if a repair is required, the defect should be r<*moved by 
grinding and the joint rewelded. In any repair welding, the increased size of the 
heat-affected zone in the parent metal must be evaluated for loss in overall joint strength. 


3.4.2 BrazedJoints 

3,4.2.1 BRAZING METHODS 

The method of brazing shall he suitable for the material and configuration of the 
joint. 

Dip brazing should be us,.d for joining aluminum parts. The equipment size must be 
considered when designing an aluminum brazed joint. Joints designed for dir brazing should 
not contain cavities, gaps, or blind holes that will trap salt from the dip braze bath. When 
subsequent on-site or field installation of an aluminum brazed joint is required, a joining 
method other than brazing should be considered. 

Furnace or induction brazing should be used for metal alloys other than aluminum. 
Equipment size should also be considered here when designing the joint. 

In all cases, the braze alloy should be carefully pre-placed to ensure good How. 


3.4.2.2 JOINT PREPARATION 

The surfaces to he joined sh '! accept the braze material and shall not cause joint 
struetural weakness: the braze- matertal .shall not introduce constituents that will 
cause joint voids or weakne.ss. 

All foreign matter such as cutting oils and material from forming dies must be removed from 
the component-part surfaces prior to brazing. A chemical cleaning method is recommended 
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for bra7.c-jiy.„t components; the type of die cleaning depends on the material used for 
the components. Cleaning should include tia t,-aze alloy when it is used in the form of 
pre-placed strips or rings. When braze alloy wettability or How characteristics arc marginal 
on CRES or nickel-base alloys, surface treatments such as shot pcening or nickel plating of 
the surtace to be brazed should be considered. Pre-braze surface treatments and cleaning 

procedures should be detailed on the drawing or should be included in a specillcation 
on the drawing. 


3A.2.3 BRAZE-ALLOY CHARACTERISTICS 

The braze alloy shall provide wettability and flow characteristics adequate to 
ensure high-quality joints. 


The selection of braze alloy should be based on a thorough study of the ability of the braze 
alloy to provide proper wettability and t.ow for the joint components. Consideration should 
also be given to the requirement or possibility that a rebraze or braze repair may be 
required; if required, the selected braze alloy should not dissipate or deteriorate during the 
initial braze cycle. References 9 and 43 are recommended for use in selecting a braze alloy. 


3.4.2.4 DIMENSIONAL CONTROL 

Dimensions and locations of braze-joint components shall ensure post-brazing 

joint integrity. 

Dimensions and tolerances on braze-joint components should be controlled to the extent 
that the available braze alloy will fill the gap provided. The joint should also be designed so 
the braze alloy is primarily in shear when system tone s are imposed. In applications 
subjected to high vibration or bending loads, the ends of the joint should be tapered or 
stepped, and the braze alloy should be stopped short of the edge of the joint so that stress 
concentrations are relieved. References 9 and 43 are recoinmended for detailed information 
on clearances between joint members and the relation between the joint and braze area. On 
critical joints, provisions should be made for nondestructive testing. 


3.4.3 Diffusion-Bonded Joints 

Diffusion-bonded joints shall be accomplished with proven techniques that 
provide for control of bond line temperatures and pressures within .specified 
limits. 


At the present time, the diffusion-bonding technique is recommended only for 
titanium-to-stainless steel joints. 


«»' « dimision-bonded joint be located and suitably 
^uiUhcd bdore subsequent fabrication steps. Subsequent system joining operations such as 

" I'"" ‘‘ dimensioned from the bond line, and should be located 
sultiuen ly far from the bond line so that the heat from the joining operation will not heat 
ho bond line above the I200<>F temperature limit. When space Hmits the Icmgtl of 1 
diflusion-bonded joint to less than optimum distance from welding or brazing operations a 
bonc -hne cooling method (e.g.. a chill bar) should be specified mi the assembrdnring 
requiremenir ' for necessary information pertaining to the tube length 


3.4.4 Soldered Joints 

Solder-faint design shall prevent solder and flux from entering the tube: the joint 
for s!Zert^^^^^ surfaces shall provide proper wettability 

If IwssiWs- use soldered Joints only where joint preloads can be avoided. In general preclude 
preloads by tightening all B-nuts before the joint is soldered. 

p!e'^r!tion'!'‘“' for effective surface 


Soldered joints are not recommended for use in higli- 
vibration. 


■pressure lines or in locations subject to 


3.4.5 lnterferenv(>d-Fit Joints 

Interference-fit joints are not recommended for use in a rocket fluid system 

3.5 SEALS 


3.5.1 Static-Seal Configuration 


Tin stafk seal lonfiguration shall he consistent with the design requirements for 
hunting leakage from one region to another across a static inZZ muZ 
operating conditions of the particular application. 
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Because of its sealing efficiency, simplicity, and low cost, the elastomeric O-ring seal should 
be the first choice where fluid compatiblility. temperature, pressure, and joint separation 
permit. The general range of usefulness, dependent on material, is trom 0 to 3000 psi 
pro ...•.'•'re and -80° to 600°F temperature. Figure 22 should be consulted regarding limits tor 
Joint separation for ela.stomeric O-rings. 

The molded-in-place seal should be used in place of the elastomeric O-ring when a positive 
indication of seal installation is required, seal groove tolerances are difticull to obtain, or 
elastomer exposure to the fluid must be kept to a minimum. The general operating range lor 
this seal is the same as that for O-rings. 

Metallic gaskets are recommended for applications where weight and leakage are not of 
prime concern. The advantages of metallic gaskets are low cost and ability to oP^ate at 
extreme temperature and pressure. The general operating range is trom -452 to +18UU 1-. 
The pressure limit is dependent on the particular design, with some developmental designs 
going as high as 40 000 psi. 

Metallic pressure-assisted seals are recommended for applications involving extreme 
temperature where leakage or weight are of prime concern and where the plastic 
spring-loaded seal cannot be used because of temperature or pressure limitations. The usetut 
temperature range is -452° to 1200°F. and developmental systems have employed these 
seals to 1 0 000 psi pressure. 


The plastic spring-loaded seal should be used in applications where the temperature is low 
(below the useful range of elastomeric O-rings). the pressure is moderate, and weight is ot 
prime concern. Minor leakage does occur at low temperatures «-20(fFl with most plastic 
spring-loaded seals, generally because of shrinkage. The pressure operating range extends up 
to 10 000 psi: however, this limit is greatly dependent on temperature and overall seal 
diameter. These seals have been used in the temperature range of -452° to 600 F. 

The radial or toggle metallic seal should be used in circumferential applications (piston-bore 
tvpe of seal) where the pressure or temperature range is beyond that ot elastomeric O-rings. 
These seals have a temperature range of-452° to 1 200° F, and developmental systems have 
used these seals to 10 000 psi pressure. 


The metallic boss seal should be used for small « 1 in.) boss and coupling applications 
where the pressure or temperature range is beyond that of elastomeric O-rings. these seals 
have a temperature range of-452° to 1200°F.and systems using these seals to 10 000 psi 

have been designed. 


Specific guidelines for installation 
3.5. 1.5. 


of the various seals are given in sections 3.5.1 .1 


through 
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3.6.1 .1 GASKETS 


3.5.1. 1.1 Elastomeric 0-Rings 


The elastomeric 0-ring properties and installation controls shall limit leakage as 
required hut shall not allow extrusion, pinching, or cutting oj the 0-ring. 


As noted, the elastomeric 0-ring should be the first consideration for a seal where this 
design permits. Elastomeric 0-rings, however, are somewhat limited by riuid compatibility, 
temperature, pressure, and joint separation. For proper design, these parameters plus 0-ring 
squeeze and installation dimensional controls should be considered when designing an 
elastomeric-O-ring coupling. 


The recommended installation practice is to use circular - grooves. The 0-rmg sqiiee/.e lor 
various static seal applications should be in accordance with the recommendations m table 
Y Reference 51 provides the dimensions for circular groove installations to achieve the 
proper squeeze. The structural rigidity and elastomer hardness are important factors m 
obtaining a seal at the maximum pressure. The no-extrusion area of figure __ defines the 
limits of elastomers without the use of backup rings. On circumferential 0-nng mstallatioiis, 
backup may prevent extrusion; however, a backup ring should be placed on each side of the 
0-ring to prevent improper installation. In conjunction with figure 27, use. tie e astomer 
hardness at the operating temperature (fig. 33) and joint separation at the maximiiin 
pressures. Joint separation may be reduced by increasing the rigidity of the couphng or by 
use of a clearance -compensating device such as that discussed in reference . Provide 
lead-in chamfers and undercuts as illustrated in figure 2 1 to prevent 0-ring pinching or 
cutting during installation. 


3.5.1.1.2 Molded- In-Place Seals 


The molded-in-place seal flange and restraint devices shall have sufficient rigidit} 
and clamping force to control leakage and prevent seal extrusion. 


Under all service conditions of temperature and pressure, the total separation between the 
two mating flanges should not exceed 0.0003 in. This value includes separation due to 
out-of-flat conditions on both the flanges and seal retainer plate. Separation is reduced b> 
using flanges and plates with tighter tlatness controis and by increasing the rigidity and 
restraining force (i.e.. bolting) of the coupling. The retaining plate must provide adequate 
strength to contain the elastomer during operation and during the elastomer molding 

operation. 


Do not use branching or overlapping configurations when pressures are above 1 ,s() psi. l or 

higher pressures, elastomer inserts with separable grooves arc recommended. 
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Table V. Recommended Installation Conditions lor tlastomcric 
O-Rines in Static-Seal Applications 


0-ring cross-section diameter, in. 

Squeeze, y * 

Nominal 

Actual si/e 

hlat-face 

installation 

Radial installation 
without backup migs 

Radial installation 
with backup rings 

1/lb 

0.070 ± .003 

14 to 32 

1 6 5 to 2b 

13.4 to 2« 

3/32 

0.103 ± .003 

20 to 30 

16 to 22.5 

4 to 16 

l/« 

0.134 + .004 

20 to 30 

16.3 to 22.4 

8.5 to 15 

3/16 

0.210±.00.‘5 

21 to 30 

16 to 21 

8 to 13.5 

1/4 

0.275 ± .006 

21 to 24 

15.6 to 20 

10 to 15 


Pressure liinitation 


None. 
Limited 
only by 
structural 
deflections 

1 500 psi 

Venfied to 3000 psi. 
Application higher than 
3000 psi limited by 
deflections and elastomer 
hardness. Above 3000 psi, 
verification testing 
required. 

('(Mil 

plete requirements tor installation dit^ 'nsions 

Rel'eience 4b 

Reference 5 1 

References and 5 1 


squco/c — - )( imi.N^hcto I) diaiiK tct oi O-rttu* wcli«»n in ircc st.itc. in 

d prt'ou* dopUi. in 
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3.5.1. 1,3 Metallic Gaskets 

///« e / the leakage rciiuu'nnetus. 


i(lr(/inttr hi 


?;:si'LrrL:si -R 

3.5.1.2 PRESSURE-ASSISTED SEALS 

-nteptesmre-^^^^^^ numriul and vonlmuminn shall limit leakage as t canin d 

Employ soft inlerfiice materials to keep the seal eontu't Ini.i tr, , ■■ 

obtain an effective seal TcHon is ro.nmn, .n^ i r nimimum value and still 

3.5.1. 3 PLASTIC SPRING-LOADED SEALS 

Tin plastii s/nhtft-loadcd seal materials and ennfiftnration shall he snitahle inr th 

'-valuaUHl 

' 1 !>«-nuion lor applications above room temnentiin* Rnth . 

a..d .ora,c ,c„.pe,a,urcs should ho oousidoood. Plash;. t:irarotr:::::::;s';': 
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3.5.1. 4 RADIAL OR TOGGLE SEALS 


‘•nload the seal. ’ reslramint: material to prevent radial delleetions that 


3.5.1.5 metallic BOSS SEALS 

the annlh ation: thv X/// he T" 

^^ithoittiluniugc to the buss face. ^ ^xhtfiuttc to prevent /eaku^e 

IlK- loinporaiur,- fimiis .'l'\tstral.or^ "nitv'Th<?ukr,]‘'*r'' '" '"■'onJ 

compaciblo »illi liu' lluij. ' ' ''■'''•il olasi„„K.,s 

..ormall^y OpiuX' ‘'"‘I 

malmp hlliiip „r l.,«s sl„>uld n„i be ‘ HlaC daiiiafo Ho 

ik:;.';;:,:”:;::;:::;;;: r::;.,' ;r' - a,. , s 

.o(or,nb,owholbo,,boywillp,ar,hobos.,,lrr^ bo ovaluab-d ,„ 

I omm inaMim.m roiisabdily ill ibo bus,, loilluiid loimik " ' " " ''''Onmioiidod In 


( 
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3.5.2 Static-Seal Design Integration 


3.&.2.1 LOADS 

The shilif .sent xhuU hr rii/uihlr of lurfonniiiff its sivliiif' fuiirfioii iiiuhr llir 

iiisiallution and of>rniiional loads of (hr apiytU ation 

A thorminh loud analysis should ho pcrl'ormcd in the dosign phase lor cadi static seal and 
coupling to ensure proper sealing under all operalional conditions. This study should include 
dellections of couplings and l.iermul loading and unloading. Required seal load and 
allowable coupling aeparallon nia,/ be obtained Irom seal suppliers. Table I provides loading 
and dellection information for some seal types. 1 he eiTccis of these loads on the structural 
integrity of the mechanical members involved should also be considered. References 54 and 
55 are recommended for information on the mechanism and the contact loads required to 
effect a seal. 


3.S.2.2 CONTACT SURFACES 

Design criteria and recommended piactices for contact surfaces are the same as those 
described for couplings in section 3.2.2. 1. 


3.S.2.3 ENVIRONMENT 

The seal shall hr rapahir of fuurtioniun iindrr all trmprraturr and fluid 

conditions of the application. 

An accurate thermal analysis of the seal and coupling slundd be conducted during the design 
phase in order to furnish sufficient data for proper seal and coupling design. On the basis of 
this study and the properties of the lluid, select seal materials that are capable of 
functioning for the design life without excessive deterioration. Cirowth potential for 
extended engine operating limits, soakback after engine cutoff, and radiation effect of the 
exhaust plume in addition to the normal operational temperature effects should be 
considered. 


3.S.2.4 SEAL RESILIENCE 

The seal rrsilirnrr shall cnahlr the seal to Jolhnr the drilniion of the niatin); 
rouplinf!. 


112 


I 


i 


A ik’llcclion analysis ul' Ihc coupliii).', as in rolLavncj 24 is rccoinmciulctl. On 

coinpk'tion ol ilic analysis, ilio soal cnnrigiiialioii willi lltf iv-.piirial ivsiliciitv can kc 
sc*k*ctct.|. II Ihc applicalitni ivtpiiicnicnls arc hcyoml Ihc capability ol an clastmnciic O-iinf*. 
inclallic prcssinv-asiasicil seals with muul resilience slionkl he tonsidcicil ktr riifj,huvck'.hl 
applicali«»ns, I'ablc I prirvidcs inrormalion on the allowable coupling separalinn bn vaiittns 
lypes ol sialic seals. 


3.5.2.B SEAL PROTECTOR 

.1 seal inonriiir shall pivvciil aiiiwalia^, sth l\ins(. ar cmsinii ul the seal aiul 
( utipliiifi siirjaeas 

IVrlorin a thermal study to determine if a barrier could be used to reduce the temperature 
of the seal to a level that would noi anneal the seal material. Barriers should be considered 
on hot-gas applications above IGOO'^I' to permit a slow, even temperature change to reduce 
thermal stress. In systems with abrasive particles, use a barrier of the type shown in figure 
27 to prevent erosion of the seal and coupling surfaces. 


3.S.2.6 LEAKAGE CONTROL 

Leakage eoitlrol (7mvisioits shall main lain positive separation of iinompatihle 
JIniils within the system and provide high reliability against external leaks of 
comhnstion gases. 

Incompatible fluids in close proximity at a coupling within the propulsion system should be 
sealed with separate seals and separate vents. A recommended configuration is shown in 
figure 28. 

It is recommended that proven configurations be utilized to prevent external "blow-torch” 
leaks, of thrust-chamber gases. Figure 29 shows a recommended configuration. 


3.5.3 DynamiC’Seal Configuration 

The dynamie-.seal configuration shall he consistent with design reipiircments to 
control (minimized leakage acro.ss a dynamic interface under the operating 
conditions of the partU ular application. 

Refer to figure 30 and table III for initial guidance in seal selection for particular 
applications. 
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Ik-cmiso ol' IlK'ir si'illillM dlicioiKN , limplicih . :iml low ai^l. cla'.loiiif! ii mmI% arc a (irsl 
LiinUo wlieiv llu'il cnmpaliliilily, IcmpcraUiiv. aiul pivsMiiv piTinil. I lailoiitt'iic O-nnr, 
slioiilil bo ooiviiiloroii Iasi aiul llioii lip oi oiip soah il Ih'.’ n-iin).* ouiilipiiratiDit is imMiilablis 
l of oivoi'onio applioalioi. .. p!,.-.lio lip soals aio roLOiiiiiioiulod. Molal soalsnl llio iiioihaiiit al 
lypo or pisloii rini's sliouM bo iisoil lor liii'li-loinpoialiiio applioalioiis wlioiv olasioiiiois .'lul 
plaslios ilolorii'ialo. Molal soals aro also looommondotl lot applioalioiis ilial iiiiisi span boili 
oiyoi'i'iiio aiul hii'li loinporaliiros. I liiid osinipalibilily should lio oonsidorod wltou solooiiiij* 
llio soal oonripiiralion. I ho liiial soal dosipii iiiusi pio\ ido an aoooplabio balaiioo bolwoon 
loakafio. Iriolion. and woai. 


3.5.3.1 ORINGS 

()-riiiiis shall liari' malcrial |ll■n|)cl■li^•s siihahh' ,1'ir the at>i>lit alinn aiul tin piu/H r 

s<iiu'c:e to limit Icaluij^e aiul to pivyeiit i Wtnisinii damaii’c 

Soloct an O-riiv malcrial lhal is compaliblo with iho viporating lliiid. lomporaUiros. and 
prossuro. I ho n’.ommondod grouvv oont'iyiirations that rosiilt in ihc proper ()-iing stpioo/o 
aro spooilioi' in rororonco 4S. Uso load-in ohand'ors ai d iindorouls as illustratod in riguro 2U 
to provonl pinching and cutting of tlic O-ring during inslallatio” and operation. IVrIoriu a 
structural analysis to determine if the clearance exceeds the no-extrusion area limits shown 
in ligure 22 for the selected elastomer hardness at the design pressure. If it does, consider 
using backup rings, increasing elastomer hardness, or increasing the rigidity ol the 
installation. I ' backup rings are used, they should be used on each side ol the O-ring to 
prevent iirproj or installation. Lubrication of the O-ring is recommended to prevent damage 
during O-ring installation and provide lubrication during operation. A lubricant is necessary 
for pneumatic service to prevent early seal railure. Recointncnded elastomers and lubricants 
for O-rings in various tluid systems are shown in table VI. 

O-rings are not recommended in rotary applications I'cr temperatures below 40“ I' because 
loss of llexibility and thermal shrinkage reduce squeeze. Llastomer Shore A hardnesses 0 I .SO 
to 84 are recommended, with minimum O-ring cross-sectional diameter. Reference 4^> 
recommends maximum cross-sectional diameters for various speeds up to l.'lOO ft min. 
Rotary O-ring grooves should be located in the housing to avoid excessive O-ring wear due 
to centrifugal action, fhis type of installation also minimizes the tensional stress, which is 
detrimental where heat is generated under high rotation speeds To minimize extrusion in 
reciprocating applications, the O-ring groove should be placed so that the friction of the 
moving metal surface across the O-ring is opposite to the direction of the pressure. Finishes 
between 8 and 16 /ain. are recommended for surfaces rubbing against the O-ring. .Avoid 
surface finishes of less than 8 /ain. on the rubbing surface, because the lubricant can be 
wiped off this surface; lubricant removal would result in high friction and wear. Rubbing 
speeds should be greater than one foot per minute to reduce friction. Lower speeds shoulil 
be avoided since they cause excessive twisting and spiral-type failures. For minimum wear, 
avoid sliort. rapidly oscillating motion. 
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3.5.S.2 LIP SEALS 

The lip seal shall have the required seal load, jlexihiliiy, and struetural strength to 
limit leakage. 

1'hc seal material should be compatible with the operating tluid, temperature, and pressures 
throughout the required life. The interference between the seal and the moving element 
should result in an adequate load to seal low pressures before the pressure-assist feature is 
effective at the higher operating pressure. Recommended methods for obtaining higher loads 
include garter springs at the end of the lip and increased seal thickness. 

Flexibility for following shaft deflections is provided in the combination ol the selected 
material, seal length, and seal thickness. Multi-ply thicknesses should be considered when 
additional flexibility is required, as in plastic cryogenic seals. Consider an additional ply or 
outer seal vs a contamination-excluder seal (fig. 30(d)). 

The lip length should provide the longest leakage path consistent with the required seal 
contact load (bearing pressure) between the seal and moving member. The selected length 
on cold-formed plastic shaft seals should be within the capability of the seal material to be 
installed without cracking or tearing. Additional overlapping seals should be considered if 
additional loading is required and forming limitations or flexibility needs prevent the 
selection of a thicker seal. 

When using a plastic lip seal as a shaft or piston seal in cryogenic service, install the seal in a 
housing so that shrinkage at low temperature increases rather than decreases the •■ontact 
pressure at the dynamic sealing surface* 

A support on the low pressure side of the lip seal is recommended lor high-pressuie 
applications. Locate the support between the housing and shaft: the support itselt may he 
either molded or machined as an integral part of the seal or installed as a separate part. 

The static flange seal between the seal and stationary housing flange should have an 
adequate loading device to prevent leakage. Care must be taken to prevent excessive cold 
flow of plastic seals. Variations in the flange seal load due to pressures and temperature 
changes must be considered. 

The surface finish on the dynamic surfaces of the seal and mating shalt should be consistent 
with the leakage and life requirements. Surface finishes of 32 seals ;md 8 pin. with 

a circular lay on shafts arc recommended. Scaling surfaces should be identified on drawings 
with instructions to obtain and maintain a damat»e-free surface. 

lest prototype seal assemblies to verify the design. I he test conditions should be at the 
design limits to ensure that leakage requirements will be met under all conditions ol shalt 
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deflection, pressure, temperature, environment, and life. Investigate by test the elTeet of seal 
lip length and thickness on leakage and lit'e. 


3.5.3.3 PISTON RINGS 

Piston-ring conjiguration and loading shall he adequate to limit leakage as 

required for the service life. 

Piston rings are recommended for applications where an all-metal seal or exceptionally low 
friction is required and relatively high leakage can be tolerated. The split gap should be 
capable of accommodating the diametral variations due to manufacturing tolerances and 
operating conditions. For applications that require minimum leakage, use an 
overlapping-step-gap design. Additional rings with staggered gaps also reduce leakage and are 
recommended; a 15-percent reduction in leakage with the use of a second ring is reported in 
reference 10. On high-pressure systems, pressure balancing is recommended to reduce 
contact loads that reduce friction and improve wear life. When pressure balancing is used, 
minimum seal contact width of 0.03 in. should be left intact to ensure adequate seal width. 
Consider friction, wear, and fluid compatibility to obtain the required funetional and 
environmental requirements. Reference 10 is recommended for additional design 
information on piston-ring design and pressure balancing. 


3.5.3.4 MECHANICAL SEALS 

The mechanical seal configuration shall provide the required cond^ination of 
sealing load and wear life needed for the application. 

Perform a stress analysis to ensure that the bearing pressure at the sealing interface is 
adequate to control leakage and low enough to permit the required cycle life. Analyze static 
and dynamic loads under all operating conditions including installation variables. Ensure 
that the PV (contact pressure multiplied by sliding velocity) factor for the material 
combination is adequate for the required operating life. Obtain PV factors from material 
suppliers. Perform a dimensional analysis of seal alignment to ensure acceptable seal loading; 
consider installation variables and deflection under structural and pressure loads and 
temperature change. 

A recommended analytical method for I'etermining surface-finish requirements for 
dynamic-seal contact surfaces is outlined in reference 101. The surface-roughness value 
resulting from this analysis should be divided by a factor of three for seal design to allow for 
some degradation during life cycling. 

Test prototype seal assemblies to verify the design. The test conditions should be at the 
design limits, to ensure that leakage requirements and cycle-wear-lifc requirements can be 
met. 


3.5.4 Dynamic-Seal Design Integration 

3.5.4.1 LOADU 

The seal shall fulfill the design ohjectives for leakaf(e control and operational life 
when exposed to the mechanical, Jluid- pressure, and thermal loads of the 
application. 

Analyze seal loads resulting from installation and all operational factors including structure, 
pressure, temperature, deflection, and friction. Perform stress analysis to verify structural 
integrity and conformance with interface bearing pressure requirements. Analyze sustained 
stresses due to installation and operational loads to verify that material creep characteristics 
have not been exceeded at the operational temperature extremes. 

Perform an analysis of the bearing stresses at the dynamic seal interface to ensure the ability 
to seal at low loads and the ability to operate with acceptable friction and wear. Consult 
reference 48 for 0-ring requirements. Calculate the PV factor to evaluate seal life. 
Recommendations on PV factors should be obtained from material suppliers. 

Minimize friction by designing for minimum contact loading as related to pressure, 
mechanical, and thermal loads. Select the material combination having the lowest 
coefficient of friction consistent with other design requirements. Reference 9 is 
recommended for friction data. Specify surface finishes consistent with the lowest friction 
coefficient and cost. Lubricate where possible; consider dry-film lubricants, flame plating, 
and metallic platings for difficult applications. If dry-film lubricants are used, be aware that 
some liquid propellants remove the dry-film lubricant from the base material. Consider the 
use of anti-friction devices such as slip rings for O-rings. Provide, where possible, pressure 
forces acting on the seal in the di^’cetion opposite that of friction forces. A stress analysis 
based on maximum friction forces .diould be performed to ensure that the seal has adequate 
strength. 

Analyze the seal design from the standpoint of loads developed by fluid pressure acting on 
unbalanced seal areas. Evaluate the effect of manufacturing tolerances on effective sealing 
areas and effective seal contact areas. The resultant loads must be combined with 
mechanical and thermal loads in evaluating structural stresses and inteii'ace contact 
pressures. 

Perform a stress analysis of the bearing stresses at the seal interfaces to ensure that material 
yield and bearing pressures are not excessive and that sufficient contact pressures are 
maintained to control leakage. Evaluate the effect of manufacturing tolerances and 
installation on deflection and distortion of the seal. Establish manufacturing, processing, 
installation, and inspection requirements that ensure a satisfactory installation. 
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Analyze the stresses induced by expansion and contraction of the component members due 
to operational and environmental temperatures. Evaluate the resulting interface bearing 
stresses and seal structural stresses to ensure that sufficient contact pressure is maintained 
and that maximum allowable stresses are not exceeded. Provide thermal compensation if 
required to maintain adequate interface bearing stresses. 


3.S.4.2 CONTACT SURFACES 

The sealing contact surfaces shall provide the degree and extent of contact 
required to control leakage, minimize friction, and minimize wear over the range 
of operating conditions and life of the seal. 

Consult reference 48 for requirements for 0-ring dynamic seals, data on dynamic interface 
leakage as a function of surface topography, and bearing stress. Perform an analysis to 
ensure that the sealing interface bearing pressure at both the static and dynamic interface is 
high enough to control leakage. Ensure that the material yield properties are not exceeded 
at the static interface and that bearhig pressures at the dynamic interface are within the 
acceptable limits of friction and wear. Section 3.S.4.4 treats surface requirements for 
minimizing friction and wear. 


3.5.4.3 SEAL DEFLECTION AND RESILIENCE 

The seal .shall possess deflection and resilience capability adequate to provide the 
dynamic seal contact required to control leakage throughout the range of 
operating conditions. 

New seal configurations, unless supported by reliable empirical design data, should be 
subjected to development testing to ensure conformance to design requirements. 
Engineering judgement and good design practices must ultimately be used in controlling 
deflection and finishes within the resilience limits of the seal. 

Design data useful in evaluting elastomeric and plastic seal resilience have been derived 
primarily by empirical methods for special configurations. An example is the O-ring, the 
extensive testing of which has made its use particularly attractive. Development of 
configurations such as the lip seal shown in figure 30(cHO, cup seals, and similar designs 
requires extensive design analysis and test. Analysis of a face seal such as that shown in 
figure 30(h) requires an analysis of bellows deflection under all operating conditions. 

3.5.4.4 WEAR 

Seal wear throughout the operating life .shall not result in exce.s.sive leakage, 
friction, or contamination. 
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To control wear, use materials with the lowest coefficients of friction; lubricate where 
possible; use low loads at the dynamic-seal contact surface; specify f’.ie required surface 
finish; and provide a wiper if required to exclude contamination. Actual wear life as related 
to coefficient of friction, load, environment, and operating time must be verified by test. 
Specify surface finishes consistent with the lowest cost that will minimize abrading wear. Do 
not specify less than 8 -Min. finish for linear hydraulic O-ring applications, because such a 
fine finish could wij e the dynamic sealing surface dry of lubricant. Specify component 
service-life requirements on the basis of minimum anticipated seal life. 


3.S.4.5 LUBRICATION 

Sea/ lubrication or its equivalent shall control friction and wear as necessary to 

maintain reliable operation over the range of operating conditions. 

Specify a grease-type lubricant where possible if the operating fluid does not provide 
adequate lubrication. If lubricants are not permitted because of environmental or operating 
fluid lequirements, use materials that minimize wear. Reference 9 is recommended as a 
source for material and friction data. Product quality of commerical lubricants varies from 
batch to batch, and occasionally the composition is changed. In addition, “tradename” 
lubricants generally are proprietary products, and it is difficult to obtain specific 
information on ingredients. For these reasons, a military specification should be called out 
or a control specification should be utilized to control the product. 


3.S.4.6 CONTAMINATION 

The seal shall be capable of performing satisfactorily with specified contamination 
in the operating fluid and shall not generate contamination detrimental to the 
system. 

To absorb contamination, use a soft seal material with contact bearing area for the seal as 
large as possible. Use the maximum possible hardness on the sliding element. For 
exceptionally dirty fluids, use an auxiliary seal for protection of the primary seal, or specify 
filtration. 


3.6 GENERAL CONSIDERATIONS FOR DESIGN 

3.6.1 Material Selection 

3.6.1. 1 METALS 
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3.6. 1.1.1 Compatibility 


TOtor'*"*'"*' ™iisid^Tiitk.ns s 


should be evaluatod in selecting 


• Chemical reaction between materials and system lluid no r-. »• 

reaction, or impact ignition ^ " reaction, slow 

• Propellant decomposition 


• Corrosion - atmospheric, galvanic, stress. 

on materiai%ii*rdTompaU^^^^^ preseXd° n Data 

system, do not use materials such as titanium or omaidc irbritnl’^tf ‘ liquid-oxygen 
when subjected to rubbing; in any system do not ^ 

decomposition. ’ ^ ^ materials that cause propellant 

that touch each otheT"Re£LIce ^59 nmy'd S‘’’l^*‘--ting materials for parts 

elctrochemical serie for diss m aV^^^^ revommended usage information on the 

Plati. js and finishes. ' information on acceptable 

Ibllowhlral^^^^^^^ Such materials include the 

-T4,-T35I;PHI5-7MoRH^^ -0'^-T4. -T6: 2o:4-T3. 

AM350SCT850:AM 355 SCr850 RM^50. THIO.SO: 

3.6.1.1.2 Physical and Mechanical Properties 
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half also if weight consideration permits. Use heat-treatable, corrosion-resistant steel or 
nickel-base alloys for springs and load-bearing components ot the latcb/release mechanism. 
With cryogenic propellants, do not use materials that are brittle at cryogenic temperature. 
The effects of different shrinkage rates of materials should be considered in selecting 
materials for sealing, latching, and releasing mechanisms in cryogenic disconnects, fbe unit 
loading on plastic sealing members, for example, may reduce significantly at low 
temperatures because of their greater coefficient of thermal expansion. 


3.6.1 .1.3 Weldability 

ContiumcHls to hi’ welded to uiiothet' cotnpoiieiil sliull he weld eontpotihle. 


The component should be of the same material as the adjacent component when possible. If 
dissimilar materials are selected, they should provide weld integrity and the required 
strength. Reference contains information pertaining to weldability of commonly used 
dissimilar alloys and recommended filler material. 


3.6.1 .1.4 Material Imperfections 

The seal contact area of the components shall he free of material imperfections 
that would result in leakage greater than allowable. 


Seal interface surfaces on casting ^hould specify the density requirement to effect a leak-free 
joint. This requirement should be verified on the first part fabricated to check out the mold 
design. Reference 103 contains recommended limits on pore size and the number of pores 
per square inch for various systems that do not require mass-spectrometer leak 
measurements, i.e.. less than 1 X 10'^ cm'* /sec ot h .*lium. Castings are not recommended tor 
components that must mee' mass-spectrometer-type leakage rates. 


Vacuum-melt 321 CRHS is recommended where stringers cause mass-spectrometer-type 
leaks. However, the additional material cost requires that the mass-spectrometer-type leak 
requirement be justified before considering vacuum-melt material. 


3.6.1. 2 ELASTOMERS 
3.6.1. 2.1 Fluid Compatibility 

The elastomer shall he chemically and physically eompatihle with the system 
fluid. 




The known elastomers should be reviewed lor eompatibility witli the system Hindis) to 
determine which ones have tlie best compatibility properties lor the applications. Table VI 
lists both the elastomers recommended lor the common Iluids used in liquid-rocket engines 
and lubricants that are compatible with both the elastomer and lluid. Relerence .SI. is 
recommended lor additional compatibility data on elastomers. 


3.6.1. 2.2 Pressure Capability 

The elastomer material properties shall limit extrusion ami wear under all 
functional and test pressures. 

Elastomer hardness should be selected so the pressure condition and clearance is within the 
no-extrusion area of figure 22. If it is impractical to use harder ela.uonier materials to 
achieve this condition, then other means should be used to avoiu extrusion. These means are 
discussed in section 2.5 A .1 -1 * 

The ability to seal and resistance to extrusion are related directly to the elastomers 
hardness; the recommended hardness for most applications is Shore A hardness ol 70. For 
low fluid pressures or low temperatures or both, a softer material is recommended (lor 
improved sealing). For service where wear is a eonsideration. a harder material should be 

used. 


3.6.1. 2.3 Temperature Capability 


The elastomer shall hare physical properties adequate to withstand the sen ice 
temperature of the application. 


Recommended practice is to select carefully, from tlic physical data available, an elastoinei 
that will not lose its elastic properties when exposed to the operating temperature. I able IV 
gives the useful temperature ranges for the basic types ol elastomers, and tigure .s.s mows 
seal life versus temperature curves. In selecting an elastomer lor a high-temperatuie 
application, the actual temperature at the seal, the time at temperature, and possible 
soakback conditions should be considered. With this information, the proper material lor 
the application can be selected. The designer should use a realistic temperature range 
without a large margin of safety in order not to penali/.c the design. I his kind ol penalty 
could occur if the resultant temperature exceeded the limit for iny ol the elastomers and 
forced a new design approach. In selecting an elastomer for lovv-temi>erature service, 
tlexibility and the coefficient of expansion (or contraction) are prime considerations. In 
conventional seal applications, an elastomeric compound should not be used below its 
10-percent-retraction level. Figure 34 shows these data loi Buna N. \ii<*n. am 
tluorosilicone compounds. Low-temperature service may also require additional squeeze at 
room temperature to compensate for the elastomer eontraetion at operational temperatuie 
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3.6.1.3 SEAL INTERFACE MATERIALS 

Seal innrtuir niulvriul shall he sitiiahlc fur flic service eiiviruiiiiieiit /<•,//„/(-< 
alluwahle at the hiterjaee. and the sturane hie uj the eiinhie 

The interlace material slioiilil How plastically under dentin liuids. len.ui which In 
recommended for cryottenic service, will creep or cold Ilow ilurint! installation loading and 
storage; therelore. the unit hearing pressure should he kept Uiw enough lor the material to 
perlorm its intended function. Cold-llow data are available for most plastic materials used 
lor seals ( rellon. Rel-l- ) and should he referred to in the design phase (refs. 7 n through .s:i. 
Where possible, control cold Ilow hy trapping (or confiningl the plastic material 
mechanically. Processing controls to maintain bonding and bearing strength should he 

recommended include silver and gold and. for temperatures above 
r. soil nickel. Silver-plated seals should he processed to resist blistering and llange 
sticking on hot-gas applications above (>00^^ I-. 


3.6.2 Component Handling 


3.6.2.1 SURFACE PROTECTION 

Seal euittaef siirjaces shall he imneeted dnrinti all lahruatiuii uiul haihllinii 
(operations. 

Identify the critical seal contact surfaces of couplings and seals .m drawings and 
inainilacturing orders. Manufacturing orders should include instructions for exercise of 
caution and use of protective devices as soon as possible in the fabrication. I ieure .t(,(bi 
shows a typical protective device. 


3.S.2.2 CLEANLINESS 


l■ureif!tl matter shall nut he intrudin ed iniu the installattun nfun awenihh 

Care should be exercised in maintaining the individual elements (u components in a clean 
condition prior to turther processing, as in welding and bra/ing. m prior to assemblv Parts 
should be heat sealed in plastic after cleaning to maintain the clean condition, with 
subseiiuent assembly in an aerospace-tiuality clean area, ( are shouUI be taken to prevent the 
entrance of any vontaminant during assemblv . 





3.6.3 Evaluation Testing 



3.6.3.1 DISCONNECTS 

ri'tllllilliiill li’sis i>t liisniiilli't'Is sllilll ilcmiiiislhlli' hath till' si'lHlI'iltii >H lUlli Ill'll, 
iiiiliuliiifi iii>iiri>iirUiU' sininil <>J iliscniiiicrl imsitioii ti\ I'l'iiiiin'il. iiiiil 'lailiiiit 
Jiiiii liiiii. 

iX-wlupiiKMit lest i-olulitions should ho ooutrollod for proper loadint>. siimiUilod Iluid How. 
prosMiro. and onvironmonlal louiporaluro l ahricalion tostinp .iunild inoludo a porformanoo 
chock ofllto lalcli-roloaso mociranh.m. connoci and disconnect indicator switches if included, 
operational check ot the valves, and a leakage test on the seals. 

3.5.3.2 COUrUNQS AND SEALS 

lA'iilihitiiiii U':'ts III ciiuiiliiifis iiiiil sciils slutll Jciiuiiistriiti' tiuil the tissciiihh ccu/s iis 
iviitiiri'il. Ti’sliiiii n,t J\ luiiiiii h'iiIs sIuiH iiH liiJcih iiioiisinilinii <>.l iviU lile 

I valuation testing should he performed on static couplings and seals to verily their sealing 
ability under all operational environments. Dynamic couplings reiiuire additional testing to 
evaluate friction and cycle-wear lile. Laboratory testing is recommended lot initial 
evaluation on new coupling designs to determine eflects on leakage ol 1 1 ) various pressure 
levels (e.g.. low-pressure leak checks and proof and hurst tests); (2) pressure cycling; (3) 
tolerance - extreme seal/coupling installation; and <4) dynamic cycling. Selection ot 
instruments for measuring leakage must he made on the basis ol leakage level permitted. 
Reference S(i provides inibrmation for matching allowable leakage rates obtained with 
various methods and instrumentation. 

Operational leakage monitoring is recommended to verily typical seal-couplings during 
engine hot-firing. If leakage is greater than that predicted from lalH)ratory evaluation, 
additional test data should be obtained to perj.iit design improvements. This additional 
testing could include tdepending on the specific problem) tests to obtain temperature, 
strain, and vibration data. 

The impact of leakage-monitoring provisions on static seal-coupliitg design should be 
minimi/ed. so that the provisions may be eliminated after the design approach has been 
proven. Recommended methods for accomplishing this are shown in ligure IS. I his 
approach improves seal-eoupling effectiveness by keeping the bolt circle cU*se ti> the seal and 
has the additional benefit of lighter coupling weight. 
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, hsis /<■»• liiihiH^ 

,,,'t »W//» 

U»adinti IN iHI tWult lo iluphcaUMin otlKM t.Ms 

A recommended design .or a .ap .ha. will enable accu,a,e .neasuren.enl o, s.a.ic pre.sua .s 
presented in llpure 41 (rel. 1041. 


FLUSH 

SURFACE, 


1^< 1/16-IN. diameter (smal I J'> possible) 
j ^^<l/64-IN. RAOlUS.free ol buns) 


‘OUCT WALL 


Figure 41 


_ Recom-nended design lor static-pressure tap (ref. 104). 


Accurate orifice and no/7,le fiow const nK4iot"dL>t'ails ol orifices, 

reference 105. Presented m tins ^ .s,s.,nsion factors, and orifice expansion 

nozzles, and tap locations: fiow UmiUitions of the recom.nended coefficients^ 

'^r ;rt r ,0 " p---” ■" " 

temperature measurements. 

3.6.3.4 FIXED JOINTS 

I 'I inints shall ilcniiiiistnih aihiiuoi^ »»,( 

'<•' 'vim.—' 
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I iihi»r;il<»ry tcslinji (»l llu* ilirtt-Tonl is avnmim.’mk‘U U» verily thai Ihe 

joints meet all rei|uirements lor the particular ennine propram, Kecominem.led tests inclmle 
(It ilestruciive esaininalion o! “as laliricaleil" joints aiut o| joints lltat have passed the 
varifins tests. (2l prool and Innsl tests. (,^l environmental tests indudinp esp<»snre to the 
system llnid. and (4t latipne or vibration lile tests. Dnrinp laboratory evaluation tests, 
notulesirnclive test methods shouM be established lor use on produeliott joints. Joint desipn 
chanpes should be made it necessary to a- sure meatiinplul inlet pretal ion ol (he selecleil 
nondesiruclive test method. 

All juoduclion j»>inls shotilil be sidijected to appropri.ile nondestructive examinations ;is 
soon as possible in Ihe system labrication seipience. Penetrant inspection (I ('X-compatible 
type) is recomtnended to detertnine siirlace defects in all joint types. X-ray or ultiasonie 
examination is rc'eomtttetuled to delermitte itits'rtial delects in all jt'ini tyj'es. When 
applicable. X-ray exatninalioti is also recomtnended lor evaluatitip the joint tor crackinp «>l 
the weld-bead root. When suitable st mdards can be developed, ultrasonic examination is 
recotntnended for delermininp weld-bead width on sleeve welds. All joints should be 
subjected to a proof-pressure test. Helium pas is recotntnended because it is ctnnpatible with 
most Iluid systems, and standard leakage instnunentation can measure helium leaks. .As 
evidence that p«>rosity or a weld defect does not exist, a leakage rate of less than 1 a 10" 
standard cubic centimeters per second of helium is recommended. 


APPENDIX A 

('onvrrsiiin of U.S. Cus!(jmary Uiuis to SI Units 


Physical i|ujmtity 

U.S. customary 
unit 

Si unit 

(’onversion 

factor" 

Angh.* 

degree 

radian 

1.745.'iU) ^ 

Force 

Ibl 

N 

4.44H 

Length 

in. 

cm 

:.54 


iu In. 

/jm 

2.54xIO'^ 

Load 

psi (ibf/in.* ) 

N/cnr 

6.895x10 ' 


Ibf/tn. 

N/cm 

1.75 

Pressure 

> 

psi (Ibf/in.* ) 

N/cm^ 

6.895x1 O'* 

Surface finish 
or roughness 

Ai in. 

jum 

2.54xlO'^ 

Temperature 


K 

K=|(”F + 459.67) 


Multiply value given in U.S. customary unit by conversion factor to obtain equivalent value in SI unit. For a complete 
listing of conversion factors for basic physical quantities, sec Mechtly, E. A.: The International System of Units. Physical 
Constants and Conversion Factors. Second Revision, NASA SP-7012, 1973. 
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Term or Symi^oi 

anodi/e 

B-nut 

boss 

breakaway disconnect 
(rise-off or staging) 

Brinell hardness 

chatter 
chevron seal 
circular lay 

circumferential seal 

cold flow 

compression set 

connector 

Conoscal 


APPENDIX B 
GLOSSARY 

De finition 

form a protective oxide coating on a metal by electrical means 

coupling nut used to connect the two halves of a threaded connector 
(flg. 12) 

thickened protuberance in the wall of a duct for the purpose of 
allowing attachment of components or connection of other lines 

separable connector that is disengaged by the separation force as the 
vehicle rises from the launch pad or a stage separates from a lower stage 

indentation hardness determined by pressing a hardened-steel sphere 
into the test material under a certain load for a specified time: the 
diameter of the impression produced is an index to the hardness 

rapid uncontrolled seating and unseating of a valving unit 

term for a set of "*V''-shaped seals (fig. 30(k) and table I) 

circular direction of the predominant pattern of a machined surface; 
ordinarily determined by the production method used 

seal whose sealing surface is parallel to centerline of flow passage (also 
called radial seal ) 

permanent deformation of material caused by a compressive load that is 
less than the load neces^iary to yield the material; some time is required 
to obtain cold flow 

percent of deflection by which an elastomer fails to recover after a 
fixed time under specified squeeze and temperature 

a mechanical device for joining or fastening together two or more lines 
or tubes in a fluid system 

trademark of Acroquip Torp.. Marman Div. (Los Angeles, CA) for a 
leak-proof ji)int using an all-metal radial seal 
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Term or Symbol 
creep 

creep strength 
crevice corrosion 

cryogenic 

cryogenic seals 
cryopumpitig 

diffusion bonding 
disconnect 

duroineter 
dynamic seal 

elastic limit 
elastomer 

elect mn-bcam welding 


permanent deformation of material caused by a tensile load that is less 
than the load necessary to yield the material: some time i. required to 
obtain creep 

the degree to which a given material resists creep 

corrosion that occurs in a narrow, relatively deep opening where two 
simila*. surfaces meet and trap a reactive fluid that acts as an electrolyte: 
corrosion occurs because of the concentration gradient of the reactive 
species established within the trapped fluid 

fluids or conditions at low temperatures, usually at or below 238°F 
(123 K) 

seals that must seal effectively at temperatures below -238®F 

induction of vapor into a confined cavity by a local reduction in vapor 
pressure caused by condensation of vapor on an extremely cold 
(cryogenic) surface of the cavity 

n.ethod ot joining two different alloys wherein temperature and 
pressure create intermolecular bonds 

short term for quick-disconnect - a specific type of separable 
connector characterized by two separable halves, an interface seal and, 
usually, a latch-release locking mechanism; it can be separated without 
the use of tools in a very short time. 

instrument that measures hardness in terms of resistance of material 
surface to an indentor point working under pressure 

a conformable clement used to minimize leakage of a fluid from the 
flow-stream region when there is relative motion between the sealing 
interfaces 

the maximum stress that can be applied to a body without producing 
permanent deformation 

polymeric material that at loom temperjturt can be stretched to 
approximately twice its original and on release return quickly to 

its original length 

process in which a controlled stream ol high-velocity electrons produces 
the heat for fusion by striking the workpiece in a vacuum 


Term or Symbol 

lace seal 

llexiblc hose 

tluid inierrace 

rorccd-separation 

discotmecl 

garter spring 

gas metal-arc welding 

gas tungsten -arc welding 

gland 

GMA 

GTA 

lIAZ 

hermetic seal 
hydrogen embrittlement 

interface 

Knoop Itardness 


Definition 


seal whose sealing surface is perpendicular 
passage 


liie cenierhne of the Ilow 


convoluted metal tubing, nornudly having a braided wire sleeve on the 
outer surface 


common boundary <>f two or more surlacos exposed .o lluid (e.g.. 
mating tlanges of a duct) 

a separable connector tliat is disengaged by explosive, bydiaul c. oi 
pneumatic pressure 


spiral spring formed into a closed elastic ting 

inert -gas welding process using as a heat source an electric arc between a 
bare consumable tiller wire and the workpiece 


inert -gas welding process wherein heat is produced by an electric arc 
between a nonconsumable electrode and the work; a tiller metal is 
optional 

cavity in which O-ring is installed; includes the groove and mating 
surface of second part, which together confine and squeeze the O-rmg 


inert -gas metal-arc welding 


inert -gas tungsten-arc welding 


hcat-affected /one (i.e., region o\ matetial 


affected by heat 


of welding 


or brazing) 


airtight seal evidencing no detectable leakage 

loss in ductility of a metal as a result of the exposuie ot the metal to 
newly formed gaseous hydrogen 

the regir.n of mating (common boundary) between inteiconnected 
elements 


indentation hardness determined by pressing a rhombohedial 
into a material -.similar to the Brinell test 


diamond 


L' 


seal shaped like a K 



Term or Symbc^ 


Deflitluon 


land 

lanyard 

L/d 

liftolT 

Mach number 

manually operated 
discoimecl 

Natlex seal 

Nalorq seal 

passivation 
pitot tube 
plastic 


plastic How 
(or deformation) 

poppet valve 


prelligiu 

in/ 


tl,c actual scaling surlacc of tl>c part tlrat mates with a seal 
a strong cord used to actuate a contrivance from a distance 
length-to-diameter ratio 


term designating the instant of vehicle llight at which 
terminated with all holddown and support devices; also called 
motion” of the vehicle 


ratio of the speed of fluid flow to the speed of sound m the fluid 


a separable connector that is engaged or disengaged by manual lorces 
usually with the aid of a lanyard, cam. or similar device 


trade name for a U-shaped seal made by Navan Products. See table 1. 


trade name for a modified ring seal made by Navan Products. See table 

I. 


formation of a compact and continuous corrosion-resistant 
surface of metal exposed to air (natural passivation) or to a chemical 
solution (artificial passivation) 


tube having a short rigltt-angled bend and immersed vertically in a 
moving flukl with the mouth of the bent part pointed upstream, used 
lo measure fluid velocity 


high-mo.ecular-weight material that while usually firm and hard 
(although often flexible) in its finished state is at some stage in t 
manutacture soft enough to be formed into a desired shape by 
application of heat or pressure or both 


immediate yielding of material caused by a compressive or tensile load 
that is greater than that necessary to yield the material 


valve constructed to close off flow by translating a ball. cone, or disk 
against a seat it. the housing; translation of tn .mppet away Horn the 
scat can result in essentially orifice flow 


occurring bclore vehicle littofi 


...... ..f hearinu oressurc P times rubbing or sliding velocity V 



Definition 


Term or Symbol 

quick disconnect 

relative motion 

Reynolds number 

rise-off 

rms 

Rockwell hardness 
Shore hardness 

solenoid valve 
spillage 

squeeze (0-ring) 

ssMi: 

static seal 
storable propellant 
stress corrosion 


See ‘‘disconnect” 

symbols for hardness values on Rockwell hardness scales designated by 
the subscript 

rotary or sliding motion* as related lo the seal interface and contact 
surface* in which one surface is stationary while the other moves 

nondimensional parameter (Re) representing the ratio of the 
momentum forces to the viscous forces in fluid flow 

term denoting that actuation is caused solely by vehicle vertical motion 

root mean square 

indentation hardness (of metals and plastics) determined by measuring 
surface indentation or penetration by a diamond cone or steel ball 
under a specified load 

hardness of plastics or elastomers measured by use of a blunt indentcr 
point under pressure. (The Shore A method uses a blunt point with a 
0,79-mm-diameter flat with a weight of I kg: the Shore D method, used 
for harder materials* uses a 0.1-mm-radius point with a weight of 5 kg) 

a poppet, spool* or piston valve actuated by an integrally mounted 
solenoid 

amount of fluid that remains trapped within a double-valve disconnect 
when the disconnect is partially disengaged and both valves have closed 

compression of an 0-ring between the groove bottom and the surface of 
the mating part in the gland assembly 

Space Shuttle main engine 

device used to prevent leakage o\' fluid thrtnigh a mechanical j(»int in 
which there is no relative motion of the mating surfaces otliet than tliat 
induced by changes in the operating environment 

a propellant with a vapiu pressure such that *iie piopellani can be 
st.)ied in a specified environment (eatth or space) at model ate ullage 
piessures without significant loss ovet the mission duiation 

comision i.f a ntetallic suiface enhanced li.i .. increased m laietln ihe 
existence of localized stresses, hether applied oi tesiiliial 
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Term or Symbol 


T3.T4.T6.TJ5 1 


umbilical 


valve-type disconnect 


vapor honing 


Vickers hardness 

weld dropthrough 
wettability 

Material ' 

AF-E-124 

AF-E-411 

A-286 

AM-3.50 

AM-355 

PIII5-7MO 

I7-4PII 

17-71*11 


carrier for Ihe abrasive maierial ' ’ '’""8 ““11 as a 


a specified anale betw..n " a diamond cone of 

raifof deL:tr ana 

excessive weM^,ead projeclion oa the inner walls nf a ilnU passage 

i'ars«rrr:h\s::rr^r--''--*»-^..^ 


Identification 

experimental fluorocarbon elastomers (perfluorovinylether) 
experimental filler/ethylene-propylene terpolymer 
austenitic heat-resistant iron-base alloy 


Brascoti (i40AC 
Buna N 


rraac name Bray Oil r„. i.„ . Tcllnn.lillea grease 

"ade designaiinn l,„ ,,l bntadiene and aer,l„„li„,e 


'Uiliiir.Miil inl..m,aii..n 


~ 

* .'.r, v.., , . 


I3t. 


I 
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Material 


Identification 


butyl rubber synthetic rubber produced by copolymeri/alion of isobutylene and 

isoprene 

CTF liquid chlorine trilluoride* propellant grade per 

CRHS corrosion-resisiant steel 


ethylene-propylene an elastomer, a copolymer of ethylene and propylene 

rubber 


fluorine 

Fluorel 

GH^ 

GN, 

GOX 

Hastelloy C 
He, helium 

hydrazine 

Inconel 718 
X-750 


elemental fluorine (F^) in its liquid form (LF,) used as a cryogenic 
propellant per MIL-P-27405 

trade designation of 3 M Corp. for copolymer of vinylidene fluoride 
and hexafluoropropylene 

gaseous hydrogen 

gaseous nitrogen per MIL-P-27401 

gaseous oxygen 

trade name of Stellite Division of Cabot ('oipt)ration for austenitic 
nickel-molybdenum-chromium-iron alloy (AMS 5530C) 

pressurant helium per MIL-P-27407 

hydrogen peroxide per MIL-P-1^005 

N^H^, propellant grade per MIL-P-2(>530 

trade names of International Nickel Co. tor nickel-base alloys (AMS 
55^)7A and 55^8, resp.) 


Invar 


International Nickel Co. designation fur a nickel alUn- with vciy low 
coefficient of thermal expansion 


JIM 


military jet fuel consisting of gasoline and light petroleum distillate pci 
MIL-J-5K>1 


Kel-F 


trademark of 3 M ('orp. foi a high-molecular-weight polsmci oi 
chlorotritluoroelhylenc 


K-Mone! 


trade designation ol International Nickel (’o. foi a wionglii 
age-hardenable alloy containing Ni. Cu, and Al 


1 



Mulcrial 

ldeiUiflc;ilion 

Krylov 240 A(’ 

ti;ulen;niK' nl I-. 1. du Pniil de Ncmoiiis and (’o. foi a 1 cnim filk'il 
lluorinaicd jiicaso 

LI , 

lujiiid lluoiine 

III, 

liquid hydrogen (II, ), pr4)pel(aiit grade per Mil -V-272i)\ 

IN, 

liquid nitrt)gen 

LO, or 1 OX 

liquid oxygen (0, ), propellant grade per MIL-P*255()X 

inctliylenc chloride 

halogenated hydroearhon solvent per MIL*l)*(/)^)H 

MMII 

monomethylhydra/ine, propellant grade per Mll.-P-:7404 

Mylar 

trademark ol h. I, du Pont de Nemours and (o. tor polyethylene 
terephthalate film 

N,M^ 

hydra/inc. propellant grade per MIL-PO(>54o 

N,<\ 

nitrogen tetroxide, propellant grade pei Mll.‘P-2()5d^> 

neoprene 

polyehloroprcne, a synthetic elastt)inei 

nitrile rubber 

copolymer of butadiene, acrylonitrile (Buna M 

nylon 

thermoplastic polyamide 

pol\ urethane 

any of various iheimoplastic polymers that contain -MK'OO-linkages; 
pioduced as fibers, coatings, Hexible and rigid loams, elastomers, and 
lesiiis 

Rene" 41 

trade name o\ (leneial llectiic (o. lot an austenitic 
nickel •cluomium*cobalt -molybdenum alloy 

RPl 

kerosene-base liigh-eneig\ ludiocarbon luel. piopellent ei.ide pei 
Mll-P-:557o 

rubhei 

an elastomei. eitliei a natnial compomul obtained ttom the hexe.i 
btasiiiensis tiee oi a sviitlietic matenal 

l elloii (1 1 IM 

tiade ilesignalion of I . |. du Pont de Nemouis and ( hvi lluiuni.ittd 
ethylcne-ptop\ lone pol\ mei 

leil .11 (lilt 

Hade designalnm ol 1 I. du Pont de Semoms ;md (o |.m 
leiialluoietlislene p(»lymet 


l.?K 


1 


( 


Muierj;il 


Viron A 
300 series 

(e.g., 304L32K347) 


lcletilifjc;i|joi] 



same as Viinii hut Jjiii'iciii cuk’ 

smos or ausieniik- stainless stocis 


martotisltis- stainless steel 


wrought aluminum alloys seith Cu as tl.e principal al 


oying element 
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NASA SPACE VEHICLE DESIGN CRITERIA 
MONOGRAPHS ISSUED TO DATE 


ENVIRONMENT 
SP-8005 
SP-8010 
SP-801 1 
SP-8013 

SP-801 7 
SP-8020 
SP-8021 
SP-8023 
SP-8037 
SP-8038 

SP-8049 

SP-8067 

SP-8060 

SP-8084 

SP-8085 

SP-80‘)1 

SP-80‘)2 

SP-8103 


Solar Electromagnetic Radiation, Revised Ma/ 1971 

Models of Mars Atmosphere ( R-*''*-:cd December 1974 

Models ol Venus Atmosphere (1972). Revised September 1972 

Meteoroid Environment Model -1969 (Near Earth to Lunar Surface). 
March 1969 

Magnetic Fields-Earth and Extraterrestrial. March 1969 

Surface Models of Mars ( 197,‘i). Revised September 1975 

Models of Ea.th’s Atmosphere (90 to 2500 km). Revised March 1973 

Lunar Surface Models. May 1969 

Assessment and Control of Spacecraft Magnetic Fields. September 1970 

Meteoroid Environment Model 1970 (Interpla.ietary and Planetary). 
October 1970 

The Earth's Ionosphere. March 1971 

Earth Albedo and Emitted Radiation. July 1971 

The Planet Jupiter ( 1970). December 197 1 

Surface Atmospheric Extremes (Launch and Transportation Areas). 
Revised June 1974 

The Planet Mercury ( 197 1 ). March 1972 
The Planet Saturn ( 1970). June 1972 

Assessment and Control of Spacecraft Electromagnetic Interference. 
June 1972 

The Planets Uranus. Neptune, and Pluto ( 1971 ). November 1972 


SP-8105 
SP-8III 
SP-8116 
SP-81 17 
SP-81 18 
SP-81 22 
STRUCTURES 
SP-8001 
SP-8002 
SP-8002 
SP-8004 
SP-8006 
SP-8007 
SP-8008 
SP-800‘) 
SP-8012 
SP-8014 
SP-801') 
SP-8022 
SP-802‘) 

SI*-80.U) 

SP-8031 

SP-8032 


Spacecraft Thermal ( < ntrol. May 1973 

Assessment and Control of Electrostatic Charges. May 1974 

The Earth’s Trapped Radiation Belts. March 197.'? 

Gravity Fields of the Solar System. April 1975 
Interplanetary Charged Particle Models (1974). March 1975 
The Environment of Titan (1975), July 1976 

Buffeting During Atmospheric Ascent. Revised November 1970 
Flight-Loads Measurements During Launch and Exit. December I9(>4 
Flutter. Buzz, and Divergence. July 1964 
Panel Flutter. Revised June 1972 

Local Steady Aerodynamic Loads During Launch and Exit. May I9(>5 

Buckling of Thin-Walled Circular Cylinders. Revised Augu.st 1968 

Prelaunch Ground Wind Ltrads. November 1965 

Propellant Slosh Loads. August 1968 

Natural Vibration Modal Analysis. September 1968 

Entry Thermal Protection, August 1968 

Buckling of Thin-Walled Truncated Cones. September 1968 

Staging Loads, February 1969 

Aerodynamic and Rocket-Exhaust Heating During Launch and Ascent. 
May I960 

Transient Loads From Thrust Excitation. I ebruary 1969 
Slosh Suppression, May 19t)9 

Buckling of Thin-Walled Doubly Curved Shells, August 1969 


SP-8035 


SP-8040 

SP-8042 

SP-8043 

SP-8044 

SP-8045 

SP-8046 

SP-8050 

SP-8053 

SP-8054 

SP-8055 

SP-805(i 

SP-8057 

SP-8060 

SP-8001 

SP-80(>: 

SP-80(i3 

SP-80(i() 

Sl’-SOhS 

SI’-8()7: 

SP-X077 


Wind Loads During Ascent, June 1970 
Fracture Control of Metallic Pressure Vessels, May 1970 
Meteoroid Damage Assessment. May 1970 
Design-Development Testing, May 1 970 
Qualification Testing, May 1970 
Acceptance Testing, April 1970 

Landing Impact Attenuation for Non-Surface-Planing Landers, April 
1970 

Structural Vibration Prediction, June 1970 

Nuclear and Space Radiation Effects on Materials. June 1970 

Space Radiation Protection. June 1970 

Prevention of Coupled Structure-Propulsion Instability (Pogo). October 
1970 

Flight Separation Mechanisms. October 1970 

Structural Design Criteria Applicable to a Space Shuttle. Revised March 
1972 

Compartment Venting. November 1970 

Interaction with Umbilicals and Launch Stand. August 1970 

Entry Ciasdynamic Heating. January 197 1 

Lubrication. Friction, and Wear. June 1971 

Deployable Aerodynamic Deceleration Systems. June 1971 

Ihickling Strength of Structural Plates. June 1971 

Acoustic l oads Cicneiatod by the Propulsion System. June 1971 

Transpoitation and Handling 1 oads. September 1"71 

Structural Interaction with Control Systems. November 1971 


151 


SP-H079 


SP-8082 


SP-8083 

SP-8095 

SP-8099 

SP-8104 

SP-8108 

GUIDANCE AND CONTROL 
SP-8015 
SP-8016 

SP-8018 

SP-8024 

SP-8026 

SP-8027 

SP-8028 

SP-8033 

SP-8034 

SP-803(> 

SP-8047 

SP-8058 

SP-8059 

SP-X0(>5 


I 

I 


Stress-Corrosion CracVinR in Metals. August 1971 

Discontinuity Stresses in Metallic Pressi.r<* Vessels. November 1971 

Preliminary Criteria lor the Fracture Control of Space Shuiilc 
Structures. June 1971 

Combining Ascent Loads. May 1972 

Structural Interaction With Transportation and Handling .Systems. 
January 1973 

Advanced Composite Structures. December 1974 

Guidance and Navigation for Entry Vehicles. November 1968 

Effects of Structural Flexibility on Spacecraft Control Svsiems. April 
19r>q 

Spacecraft Magnetic Torques. March 1969 

Spacecraft Gravitational Torques. May 1969 

Spacecraft Star Trackers. July 1970 

Spacecraft Radiation Torques. October 1969 

Entry Vcliicle Control. Ni>vcmber 1969 

Spacecraft Haitli Hori/ou Sensors. December 1969 

Spacccr -ft Mass Expulsion Torques. December 1969 

Effects of Structural Flexibility on Launch Vehicle Contiol .Systems. 
February 1970 

Spacecraft Sun .Sensors. June 1970 

Spacecraft Aerodynainic Torques. January 1971 

Spacecralt Attitude ( ontrol During Thrusting Maueuveis. I ebiuais 
1971 

Tubular Spacecraft Hoonis 1 1 xteiulible. Reel Stoiedl. lebiuaix | 97 | 


I.";: 


I 


SP-X070 


I 

( 

\ 


( 


SP-S07I 

SPX074 

SP-807S 

SP-808() 

SP- 80 y(i 

SP-80‘>8 

SP-8102 

CHhMICAL PROPULSION 
SP-XOX^) 

SP-8087 

SP-8114 

SP-8I20 
SP-8107 
SP-8109 
SP-8052 
SP-81 10 
SP-8081 
SP-8048 
SP-81 01 

SP-81 00 
SP-8088 


Spacebornc Digital Comptiler SyMeiiis. March p)7 1 

Passive (iraviiy-LJradicni Libralion Dampers. I ebruary l‘)7l 

Spacecraft S»lai Cell Arrayv. May 1971 

Spacebornc Llcctronic Imaging Systems. June 1971 

Space Vehicle Displays Design Criteria. March 1972 

Space Vehicle Gyroscope Sensor Applications. October 1972 

Effects of Structural Flexibility on Entry Vehicle Control Systems. 
June 1972 

Space Vehicle Accelerometer Applications. December 1972 


Liquid Rocket Engine Injectors. March 1976 

Liquid Rocket Engine Fluid-Cooled Combustion Chambers. April 1972 

Liquid Rocket Engine Combustion Stabilization Devices. November 
1974 

Liquid Rocket Engine Nozzles. July 1976 

Turbopump Systems for Liquid Rocket Engines. August 1974 

Liquid Rocket Engine Centrifugal Flow Turbopumps. December 1973 

Liquid Rocket Engine Turbopump Inducers. May 1971 

Liquid Rocket Engine Turbines. January 1974 

Liquid Propellant Gas Generators. March 1972 

Liquid Rocket Engine Turbopump Bearings. March 1971 

Liquid Rocket Engine Turbopump Shafts and Couplings. September 
1972 

Liquid Ro<’kct Engine Turbopump Gears. March 1974 
Liquid Rocket Metal Tanks and Tank Components. May 1974 
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I 


I 


I 


I 


SI*-.S0<)4 
Sl'-K()‘)7 
SP-X040 
Sl*-«l 12 
SP-S080 

Sl‘-X0(>4 

SP-8075 

SP-807() 

SP-X073 

SP-X039 

SP-X05I 

SP-8025 

SP-X115 

SP-X114 

SP-8041 


Lic|iiiU Kockci Valve (’umpi)iicnls. Au(niM l‘)7? 

l.ii|uid Rockel Valve Assemblies. Nnvembei l‘»7.? 

Lu|uid Rockel Actu ilorsand Opeiaiois. May l‘>7.< 

Pressuri/ation Systems for Lic|uid Rockets. October l‘)75 

Lic|uid Rocket Pressure Rejuilators. Relief Valves, ( beck Valves. Uuisi 
Disks, and Hxplosive Valves. March P)7.^ 

Solid Piopellant .Selection and Characteri/alion. June l‘)71 

Solid Propellant Processiiiji Kaclors in Rocket Motor Desiim OcIoIhi 
1071 

Solid Propellant Grain Design and Internal Ballistics. March l'<72 
Solid Propellant Grain .Structural Integrity Analysis. June 107.J 
Solid Rocket Mrdor Performance Analysis and Prediction. May l'»7l 
Solid Rocket Motor Igniters. March 1071 
Solid Rocket Motor Metal Cases. April 1070 
Solid Rocket Motor Nozzles. June I07.S 
Solid Rocket Thrust Vector Control. December 1074 
Captive-Fired Testing rrf Solid Rocket Motors. March 1071 
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